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Abstract 
 
A Multifactorial Genetic Approach to Improving Welfare in the Racing Greyhound. 
Ruth Jessica Dockerty  
 
Greyhound racing is the third largest spectator sport in the UK. The Greyhound industry, 
however, produces a surplus of unwanted young dogs that do not make the grade to race. 
The thesis aimed to investigate the effects of genetic and environmental factors on the 
variation of race performance in British Greyhounds. Furthermore, the thesis aimed to 
investigate genetic factors involved in the pathogenesis of Greyhound stress fracture 
injuries, as well as cortisol and heart rate indicators of stress in the racing Greyhound. 
A total of 1,711,489 race performance results and six-generation pedigree data were 
compiled for 50,452 Greyhounds competing at 26 British race tracks over a five-year period 
(2008 to 2012). Environmental (non-genetic) factors of sex, birth year, starting trap and 
month-year-stadium combination of the race were found to be significantly associated (p < 
0.0001) with the performance traits Race Time (over a 480 metre distance), Speed and Rank 
(over all race distances). In addition, racing age was significantly associated with Race Time 
(p < 0.0001), Speed (p < 0.0001) and Rank (p < 0.0005). Stadium and number of dogs in the 
race were significantly associated (p < 0.0001) with both Race Time and Speed. Type of race 
and race distance were significantly associated (p < 0.0001) with Speed. 
Univariate mixed animal-model genetic evaluations were performed. Estimated 
heritabilities were found to be moderate-high for Race Time (0.44), moderate for Speed 
(0.37) and low for Rank (0.02). Repeatabilities were moderate-high for Race Time (0.56) and 
Speed (0.52), and low for Rank (0.03). Breeding values were estimated for 73,344 British 
Greyhounds for each performance trait. Both phenotypic and genetic improvements were 
observed in Race Time and Speed of British Greyhounds during the study period. This 
indicates that the current method of breeding based on phenotypic performance is 
effective for these traits. The study identified, however, that targeted genetic selection 
based on EBVs would be considerably more efficient.  
An archive of 237 British racing Greyhound DNA samples was established. In a Genome-
Wide Association Study, single nucleotide polymorphism (SNP) genotyping of 21 case 
(stress fracture) and 24 control (uninjured) DNA samples was performed. No SNPs were 
found to reach genome-wide significance. The study, however, identified a number of 
nominally associated SNPs that may be implicated in the pathogenesis of Greyhound stress 
fracture, and that warrant further investigation. 11 SNPs were significantly associated at 
the p ≤ 0.0001 level and a further 96 SNPs at the p ≤ 0.001 level. Several of the most 
significantly associated polymorphisms were identified within or in close proximity to genes 
involved in bone metabolism pathways. Further work would be required to validate the 
associations by fine-mapping and targeted sequencing using a larger sample size. 
Additionally, the study found that high-intensity sprint exercise in Greyhounds results in a 
significant increase in salivary cortisol concentration, a measure of stress, which is 
detectable immediately post-race. There were significant differences pre-race and post-
race between each Greyhound's paired salivary log cortisol concentration (p = 0.000004) 
and paired heart rate (p = 0.002). 
Genetic analysis of British Greyhound race performance, and genetic factors involved in 
Greyhound stress fracture injuries, have not previously been reported. The results of this 
work, along with further studies, can be used to inform future Greyhound breeding 
practices. The responsible use of targeted genetic selection within the industry would result 
in the production of stronger, better-performing dogs of predictable and superior genetic 
merit. Importantly, this may improve Greyhound welfare by minimising the number of 
surplus dogs produced. 
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Chapter One. 
Introduction and Literature Review 
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1. Introduction and Literature Review 
 
1.1. Greyhound Breed Characteristics 
 
The Greyhound is a breed of hunting dog (Canis lupus familiaris) belonging to the 
sighthound group. All sighthounds, also known as gazehounds, hunt 
predominantly using sight and speed rather than scent and endurance. 
Greyhounds are elite athletes and the fastest of all dog breeds, capable of 
accelerating to speeds of up to 18 metres per second (m/s) in just a few seconds 
(s) (Dobson et al., 1988). At maximum acceleration, a racing Greyhound is able to 
reach full speed within 30 metres (m) or six strides from the starting trap, and can 
maintain speeds of 18 m/s for the first 250 m of a race. The cheetah, capable of 
reaching speeds of 30 m/s over three to four strides from a standing start, is the 
only land mammal able to accelerate faster than a Greyhound over a short 
distance (Kohnke, 2005).  
 
The Greyhound is physically designed for speed, with a slender yet muscular 
conformation; long head and neck; long and powerful limbs; deep chest; slightly 
arched loin; and extreme flexibility of the vertebral column (Figure 1.1) (Clarke, 
1980; Genders, 1975; The Kennel Club, 2014).  
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Figure 1.1. The conformation of a Greyhound. 
(Photograph adapted from www.catsdogspictures.com, 2014) 
 
Heart weight and heart-to-body weight ratios are higher in Greyhounds (1.25%) 
than crossbred dogs (0.80%) (Schneider et al., 1964), and this is associated with 
racing ability (Schoning et al., 1995). Greyhounds have greater muscle mass and 
less fat compared to other breeds of dog (Gunn, 1978; Hill et al., 2005), with limb 
muscles containing 80% to 100% fast-twitch muscle type IIa fibres and very few 
slow-twitch fibres (Armstrong et al., 1982; Gunn 1978). The fastest running gait of 
the Greyhound is described as a double suspension rotary gallop. This involves two 
support phases, and two flight phases in which all four feet are free from the 
ground, contracted and extended, during each full stride. The gallop can have 
either a right or a left lead (Brown, 1986). 
 
Slender build 
Long head and neck 
Flexible spine 
Long and muscular  
limbs 
Deep chest 
Arched loin 
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Greyhounds have a fine and short coat, in a variety of colours. The UK Kennel Club 
specifies a breed standard describing the ideal physical appearance, characteristics 
and temperament of a show Greyhound (The Kennel Club, 2014). Within show 
lines, males range from approximately 71 centimetres (cm) to 76 cm in height at 
the withers, with weights varying from 27 kilograms (kg) to 40 kg, where as 
females tend to be smaller and lighter, with heights of approximately 69 cm to 71 
cm at the withers and weights ranging from 27 kg to 34 kg (The Kennel Club, 
2014). Greyhounds bred for racing, however, are usually smaller and lighter than 
Greyhounds bred for the show ring (Blythe et al., 2007;                                                                                                                     
Lennox, 1987; The Kennel Club, 2016). The typical life expectancy of a Greyhound 
is between nine and 14 years, with a reported median longevity of 10.8 years 
(range 2.5 to 16.3 years) (Blythe et al., 2007; O'Neill et al., 2013). 
 
Greyhounds have an innate desire to chase and catch prey, yet typically possess a 
gentle and even-tempered nature with their human companions (The Kennel Club, 
2014). Variations in working intelligence and trainability have been reported for 
different breeds of dog (Ley et al., 2009; Rooney and Bradshaw, 2004; Serpell and 
Hsu, 2005). While the Greyhound is considered an intelligent breed (The Kennel 
Club, 2014), hounds, including sighthounds, are reported to be less trainable than 
pointing or herding breeds (Ley et al., 2009). The rearing environment and 
experiences of the dog during their first year of life, however, have been reported 
to influence their behaviour and temperament as adults, which may affect their 
trainability and suitability as working dogs (Foyer et al., 2014). In addition, 
perceived differences in trainability between canine breeds or breed groups may 
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be a result of differences in physical characteristics rather than cognitive abilities 
(Helton, 2010). 
 
 
1.2. History of the Greyhound 
 
The Greyhound is reported to be one of the oldest canine breeds, with a history 
dating back over four thousand years to the Egyptians and Celts (Clarke, 1980; 
Genders, 1975). Pictures of similar smooth-coated sighthound-type dogs 
resembling the Saluki (Persian Greyhound) or Sloughi (North African sighthound) 
are depicted on ancient Egyptian tombs and ancient Greek vases (Davis, 1967). The 
exact origin of the Greyhound, however, remains unknown. Recent analysis of the 
genetic structure of the domestic dog has suggested that the Greyhound, and 
several other sighthounds including the Irish Wolfhound and Borzoi (Russian 
Wolfhound), are actually closely related to herding dog breeds such as the Border 
Collie, indicating that the Greyhound may be either an ancestor to or descendant 
of herding-type dogs (Parker et al., 2004).  
 
The Greyhound was first brought to the United Kingdom (UK) by traders in around 
900 AD. They were initially used for hunting, and later for coursing and racing 
(Clarke, 1980; Genders, 1975; Lennox, 1987). All modern pedigree Greyhounds are 
descendants of dogs originally registered and recorded in 1882 in The Greyhound 
Stud Book (Greyhound Stud Book & National Coursing Club, 2014), which were 
later registered with the coursing, racing and kennel club authorities of the UK. 
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1.3. History of Greyhound Racing in the UK 
 
Modern Greyhound racing has evolved from the sport ‘coursing’, in which 
Greyhounds are set to chase a live game animal, usually a hare, across open 
countryside (open-field coursing) or an enclosed area (closed-field coursing) 
(Stafford, 2007). Queen Elizabeth I introduced the first formal rules of hare 
coursing in the UK in the 1500s. These rules were still in use when the first official 
coursing club was formed in 1776 at Swaffham, Norfolk. The classic event of 
coursing was the Waterloo Cup, first held at Altcar near Liverpool in 1836, and it 
became a major national event (Greyhound Stud Book & National Coursing Club, 
2014). Hare coursing has been illegal in the UK since February 2005, following the 
passage of the Hunting Act 2004 (England and Wales) and The Protection of Wild 
Mammals (Scotland) Act 2002. Coursing remains a popular sport in Ireland (Irish 
Coursing Club, 2014). 
 
The first mechanical lure (an artificial hare or rabbit) and circular race track were 
invented in the USA in 1925 by Owen Patrick Smith. Smith joined with 
businessman Charles Munn, politician Brigadier-General Alfred Critchley and 
entrepreneur Sir William Gentle to promote Greyhound racing in the UK, and 
together they formed the Greyhound Racing Association (GRA). In 1926, the GRA 
built the first Greyhound stadium in the UK, Belle Vue Stadium in Manchester, 
which held its first race meeting on 24th July 1926. This marked the launch of 
commercial Greyhound racing in the UK (Clarke, 1980; Genders, 1975; Greyhound 
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Board of Great Britain, 2009; Lennox, 1987). The sport became very popular, and 
many other Greyhound stadiums were soon built throughout Britain. By the end of 
1927, there were a total of 40 race tracks in operation (Greyhound Board of Great 
Britain, 2009). 
 
Greyhound racing was most popular in the UK during the immediate post-Second 
World War period, with highest spectator attendances during this time. The sport, 
however, has experienced a decline in attendance from the early 1960s. This was 
partly due to the introduction of the 1960 Betting and Gaming Act permitting off-
course cash betting, and the broadcasting of televised sports coverage. The 
introduction of online internet betting, and the 2005 Gambling Act enabling the 
evening opening of betting shops throughout the year, has led to a further 
reduction in spectator attendance (Greyhound Board of Great Britain, 2009). Total 
attendance figures have decreased from over 15 million in 1960 to 3.9 million in 
2001 and 3.2 million in 2006. The number of spectators per licensed race meeting 
has decreased from over 2,000 in 1960 to approximately 600 in 2007 (Donoughue, 
2007), and many Greyhound tracks have been forced to close. The number of 
licensed Greyhound race tracks in the UK has significantly decreased from 6,787 in 
1960 (Donoughue, 2007) to 25 in 2015 (Greyhound Board of Great Britain, 2015), 
and the number of Independent UK tracks has decreased from 87 in 1960 
(Donoughue, 2007) to 10 tracks in 2015. Greyhound racing, however, remains the 
third largest spectator sport in the UK. In addition, it is a popular off-course betting 
medium with over 2.5 billion pounds staked on the outcome of Greyhound races 
annually (Greyhound Board of Great Britain, 2009). 
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1.4. The Greyhound Racing Industry of the UK 
 
The Greyhound racing industry of the UK is divided into two sectors: licensed 
Greyhound racing with a self-regulatory governing body; and Independent racing, 
also known as ‘flapping’.  
 
1.4.1. Licensed Greyhound Racing in the UK 
 
1.4.1.1. Formation, Structure and Financing of the Licensed Greyhound 
Industry in the UK 
 
Prior to 1st January 2009, there were two main bodies responsible for the 
governance and regulation of the licensed Greyhound industry: The National 
Greyhound Racing Club (NGRC) and the British Greyhound Racing Board (BGRB). 
The NGRC was established in January 1928 as a non-profit-making regulatory body 
of the licensed industry, in order to develop and enforce a set of Rules of Racing. 
The BGRB was established in 1979, within the NGRC, as a forum to facilitate 
discussion between commercial stakeholders in the Greyhound industry regarding 
the promotion and improvement of the sport and Greyhound welfare. An 
additional role of the BGRB was to consult with the NGRC regarding the Rules of 
Racing (Greyhound Board of Great Britain, 2009).  
 
Following an independent inquiry into the Greyhound racing industry in the UK 
(Donoughue, 2007), the NGRC and BGRB were abolished and replaced by a single 
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organisation to govern, regulate and manage licensed Greyhound racing: the 
Greyhound Board of Great Britain (GBGB), which became operational on 1st 
January 2009. There are 25 GBGB-licensed Greyhound race tracks in the UK to 
date; 24 in England and one in Scotland, all now regulated by the GBGB and 
subject to the GBGB Rules of Racing (Greyhound Board of Great Britain, 2014).  
 
The British Greyhound Racing Fund (BGRF) is the official funding body for 
Greyhound racing in the UK, responsible for collecting voluntary contributions 
from licensed bookmakers and providing management and oversight of the GBGB 
budget (British Greyhound Racing Fund, 2012). The BGRF is a not-for-profit 
organisation that depends entirely on voluntary contributions. Bookmakers are 
requested to contribute 0.6% of their annual Greyhound racing turnover to the 
BGRF, under an agreement with the Association of British Bookmakers (ABB) 
(British Greyhound Racing Fund, 2012). The BGRF's total income from bookmakers 
voluntary contributions was 8.01 million pounds, 7.81 million pounds and 7.34 
million pounds in the financial years 2012-13, 2013-14, and 2014-15, respectively 
(British Greyhound Racing Fund, 2014, 2015). The BGRF's total expenditure, 
categorised into areas of welfare, regulation, prize money and commercial 
(marketing), are displayed in Table 1.1 for the calendar years 2013 to 2015.  
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Area of  
Expenditure 
Calendar Year 
2013 2014 2015 
Welfare £3,263,000 (40.5%) £2,887,300 (39.0%) £2,909,190 (42.2%) 
Regulation £1,345,000 (16.7%) £1,253,000 (17.0%) £1,240,130 (18.0%) 
Prize Money £2,290,000 (28.4%) £2,251,700 (30.4%) £2,066,200 (29.9%) 
Commercial  £1,152,000 (14.3%) £1,008,000 (13.6%) £684,480 (9.9%) 
Total £8,050,000 £7,400,000 £6,900,000 
 
Table 1.1. The total expenditure of the British Greyhound Racing Fund (BGRF) in 
the years 2013 to 2015, categorised into areas of welfare, regulation, prize money 
and commercial (marketing) expenditure (British Greyhound Racing Fund, 2014, 
2015). 
 
Current areas of BGRF welfare expenditure include: welfare support grants to race 
stadiums to assist with funding the presence of veterinary surgeons at all race and 
trial meetings, donations to the Retired Greyhound Trust (RGT), welfare support 
for Greyhound trainers, welfare research projects, training and field-force welfare 
services (British Greyhound Racing Fund, 2014, 2015). 
 
1.4.1.2. Greyhound Registration 
 
Greyhound litters are ‘earmarked’ by an identification tattoo at 10 to 16 weeks of 
age, with the tattoo consisting of a unique combination of letters and/or numbers 
located on the medial ear pinnae. In order to qualify for registration in the GBGB 
Registry Database for racing at approximately 15 months of age, a Greyhound 
must already be registered by name in either the British or Irish Greyhound Stud 
Book. Additionally, each Greyhound is required to have a unique identification 
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microchip implant, with details registered on a national database. A Greyhound 
must be registered by and run in the true name of its Owner, who must also be 
registered with the GBGB. The registered Owner is responsible for the welfare of 
the Greyhound and for making suitable arrangements for the dog’s retirement at 
the end of its racing career (Greyhound Board of Great Britain, 2014). 
 
1.4.1.3. Greyhound Schooling 
 
Young Greyhounds undergo a period of 'schooling', in which they are trained to 
chase an artificial lure, before starting their racing career at approximately 18 
months of age. Schooling often involves galloping the pups in a long, straight 
exercise area behind a drag hare, before gradually introducing them to the 
elliptical race track and starting traps (Clarke, 1980; Lennox, 1987; Morris, 2009). 
The term ‘Trial’ is defined as any test run on a GBGB-licensed race track other than 
a Race. A Greyhound under 15 months of age is not permitted to run in any Race 
or Trial, with the exception of Schooling Trials (Greyhound Board of Great Britain, 
2014).  
 
1.4.1.4. Greyhound Training  
 
Racing Greyhounds are trained by Professional Trainers, or non-professional 
trainers with a maximum of 12 Greyhounds, who must be licensed by the GBGB. 
The Greyhounds are required to live at their trainer’s Licensed Kennel 
establishment, which must meet specified minimum requirements (Greyhound 
Board of Great Britain, 2014). Trainers are responsible for the feeding, exercise 
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and general daily care of Greyhounds residing at their Licensed Kennel. The 
training routine and race preparation for a Greyhound varies considerably 
between trainers and between dogs, but will usually involve a combination of 
walking, galloping, massage, rest periods and a carefully planned diet (Morris, 
2009). 
 
1.4.1.5. Greyhound Racing 
   
In the UK, Greyhounds are raced in an anticlockwise direction around an elliptical 
track with a sand surface material. Stadiums vary widely in terms of track design, 
track length, radius of the bends and angles of inclination. Races, however, follow 
the same scheme on all GBGB-licensed race tracks. Male and female dogs are 
mixed and compete against each other, with a maximum of six dogs per race. 
Starting from automatic traps numbered from one (closest to the inside of the 
track) to six, the Greyhounds chase a mechanical lure that runs around the inner or 
outer circumference of the track. The first Greyhound to cross the finish line is 
declared the winner of the race. Each Greyhound stadium will usually hold two to 
three main race meetings per week all year round, with approximately 10 to 13 
races per meeting. Additionally, Bookmakers Afternoon Greyhound Service (BAGS) 
meetings are currently held at 18 GBGB race tracks, to provide an extra 
programme of Greyhound races mainly to serve as an off-course betting medium 
(Greyhound Board of Great Britain, 2014).  
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There are strict rules and regulations regarding all aspects of racing and the 
licensed Greyhound Industry in the UK (Greyhound Board of Great Britain, 2014). 
Greyhounds can be run in either 'Graded' or 'Open' Races over a wide range of 
distances that vary both within and between race tracks. Approximately, the 
distance of a two-bend 'sprint' race ranges from 220 m to 305 m between tracks; 
four-bend 'middle-distance' races range from 375 m to 515 m; six-bend 'stayers' 
races range from 540 m to 700 m; and longer distance 'marathon' races are 
greater than 700 m. Racing may be flat or over hurdles, and may be handicapped 
or start from a level-break. The most common Greyhound racing distance in the 
UK is a 480 m flat race. Before taking part in a Graded race at a particular stadium, 
each Greyhound must first run between one and three Trials at that race track. 
Young dogs require three trials, the first of which must be a solo trial in which the 
dog runs by itself. Once the Greyhound has reached the required Grading Time, it 
is allocated the correct racing Grade by the Racing Manager and permitted to take 
part in a Race. A Graded dog will then race at the same track usually once a week. 
Dogs that have not raced for more than 28 days, or that are returning from injury, 
will be required to re-trial before racing. 
 
In any one Graded Race, Greyhounds compete against other dogs of the same 
standard with equivalent race times. This is to ensure each dog has a fair chance of 
winning and to therefore increase the difficulty of betting. Two-bend 'sprint' races 
are graded from D1 (fastest) to D9 or D10 (slowest); four-bend 'middle-distance' 
races are graded from A1 (fastest) to A9 or A10 (slowest); six-bend 'stayers' races 
are graded from S1 (fastest) to S9 (slowest); and longer distance 'marathon' races 
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are graded from E1 (fastest) to E9 (slowest). A dog will be moved up or down the 
race grades if their performance improves or reduces, respectively. Any 
Greyhound can be entered into an 'Open Race' of any distance at any track, 
without the requirement for a Trial. Open Race events, however, usually represent 
the highest standard of Greyhound racing and are therefore aimed at the better-
performing dogs. These Greyhounds often travel between tracks throughout the 
UK in order to compete in such events.  
 
Greyhounds are often retired from racing when they reach three to four years of 
age. Some, however, will have shorter or longer racing careers than this, and there 
is no maximum age limit for a Greyhound to compete. 
 
1.4.2. Independent Greyhound Racing in the UK 
 
An Independent Greyhound stadium is defined as any commercial Greyhound race 
track in the UK that is not licensed and regulated by the GBGB. There are 10 
Independent Greyhound tracks in the UK to date; six in England, three in Scotland 
and one in Wales. Greyhound racing at Independent tracks follows a similar format 
to GBGB-licensed racing. The rules of racing, however, are created and governed 
by the individual stadium and therefore vary considerably between tracks. In 
contrast to the licensed sector of the industry, there is no central database of 
Independent racing dogs, and Greyhounds may race under any name chosen by 
the owner. 
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1.5. Greyhound Racing Outside the UK 
 
Greyhound racing is a popular sport worldwide, particularly in Ireland, the United 
States of America (USA), Australia and New Zealand. The Republic of Ireland has a 
very successful Greyhound industry, with significantly higher race attendance 
levels and prize money than the UK. From 1995 to 2007, attendances at race tracks 
in Ireland have increased from 586,000 to 1.3 million; prize money has increased 
from 2.4 million euros to over 12 million euros; bookmaker betting has risen from 
22 million euros to over 90 million euros; and sponsorship increased from 610,000 
euros to over 2.1 million euros (Irish Greyhound Board, 2007). During these years, 
over 90 million euros were invested in the sport’s facilities by the Irish Greyhound 
Board (IGB or Bord na gCon), the regulatory body for Greyhound racing in the 
Republic of Ireland. There are 17 licensed Greyhound tracks in the Republic of 
Ireland to date, of which nine are owned by the IGB and eight are privately owned 
and operated. Additionally, there are two privately owned race tracks in Northern 
Ireland. There are no Independent or unlicensed Greyhound tracks in Ireland (Irish 
Greyhound Board, 2010). 
 
The sport of Greyhound racing in Ireland is very similar to that in the UK. In the 
USA, Australia and New Zealand however, the standard number of participants in a 
Greyhound race is eight rather than six (Greyhound Racing Association of America, 
2015; Greyhound Racing New South Wales, 2015; Greyhound Racing New Zealand, 
2015).  
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1.6  Whippet Racing 
 
The Whippet is a breed of hunting dog (Canis lupus familiaris) belonging to the 
sighthound group. Whippets are thought to have originated in England in the 17th 
Century, and are descendants of the Greyhound (The Kennel Club, 2014). The 
Whippet was officially recognised as a pure breed by the UK Kennel Club in the late 
19th Century (The Whippet Club, 2016). The modern Whippet is smaller and lighter 
than the Greyhound, but otherwise similar in physical appearance and 
conformation. Height at the withers ranges from approximately 47 to 51 cm in male 
Whippets and 44 to 47 cm in females (The Kennel Club, 2014). The Whippet was 
originally bred for coursing and racing, and they are capable of running at speeds 
up to 16 m/s (American Kennel Club, 1998). Whippet racing was a popular sport in 
the UK during the 19th Century, particularly in the Midlands and northern areas of 
England (The Whippet Club, 2016). Pedigree Whippet racing remains a popular 
amateur sport in the UK, and is run by several racing clubs across the country. In 
contrast to Greyhound racing, betting on Whippet races is not permitted and there 
is no prize money (The Whippet Club, 2016).  
 
 
1.7. Racing Injuries of the Greyhound 
 
Greyhounds are at risk of developing injuries of varying cause and severity during 
their racing career, and sustain several specific musculoskeletal injuries that are 
relatively uncommon in other working or companion dogs (Davis, 1967; Hickman, 
1975; Prole, 1976; Vaughan, 1969). The anatomy and conformation of a 
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Greyhound, along with the nature and consistency of high-speed racing in an 
anticlockwise direction around elliptical tracks, are considered to be the main 
reasons for the specific injuries they sustain (Davis, 1973; Prole, 1976). A 
combination of factors, however, are likely to contribute to the occurrence of 
racing injuries, including fitness of the dog; grade of race; speed; race distance; 
track design; degree of banking and radius of the bends; track surface material and 
conditions; track maintenance; and the weather (Cook, 1998; Davis, 1973; 
Hickman, 1975; Sicard et al., 1999; Prole, 1976). Additionally, several studies have 
reported higher incidences of injuries in male racing Greyhounds compared to 
females (Davis, 1973; Gannon, 1972; Vaughan, 1969). The influence of genetic 
factors on the occurrence of racing injuries in Greyhounds, however, has not 
previously been reported.   
 
The fastest running gait of the Greyhound consists of two support phases and two 
flight phases during each stride (Brown, 1986). Greyhounds demonstrate a circular 
sequence of foot landing, with the majority (84%) leading with their left thoracic 
limb when running in a straight line (Gillette and Zebas, 1991). During the front 
support phase, the foot of the left thoracic limb lands first followed by the foot of 
the right thoracic limb. This is followed by the front flight phase, in which all four 
feet of the Greyhound are free from the ground. In the rear support phase, the 
Greyhound then lands on the track with the foot of the right pelvic limb, closely 
followed by the foot of the left pelvic limb. The Greyhound then enters the rear 
flight phase, and once again all four feet are elevated from the track surface as the 
dog propels itself forward (Gillette and Zebas, 1991).  
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During the front support phase of the running gait, the force at which the foot of 
the leading limb impacts the ground is approximately 2.2 times the body weight of 
the Greyhound (Gillette, 1991). Consequently, in the majority of Greyhounds the 
left thoracic limb absorbs the largest impact during landing, and may be, 
therefore, more susceptible to injury than the subsequent landing limbs (Cook, 
1998). The distribution of racing injuries between the limbs of British Greyhounds 
has been reported to closely follow the circular sequence of foot landing, with 
40%, 29%, 19% and 12% of total injuries occurring in the left thoracic limb, right 
thoracic limb, right pelvic limb and left pelvic limb, respectively (Prole, 1976). 
Interestingly, Gillette and Zebas (1991) reported that 100% of Greyhounds 
observed lead with the right thoracic limb when navigating the bends of a race 
track, indicating that a change in footing takes place for the majority of 
Greyhounds as they approach a bend.  
 
Greyhounds are subject to centrifugal forces as they travel anticlockwise around 
the bends of a track, and will lean to the left towards the inner rail of the bend in 
order to counteract the force and maintain their speed (Ireland, 1989). The lean of 
the Greyhound subjects the limb joints to horizontal forces, when they are only 
designed for considerable movement in the vertical plane (Gillette and Zebas, 
1991). Gillette and Zebas (1991) calculated that for a racing Greyhound with a 
body weight of 32 kg, running at approximately 18 m/s around an unbanked bend 
with a 40 m radius, the limb joints would be subjected to a horizontal force of 25 
kg. Increasing the radius of the turns, and increasing the surface gradient (banking) 
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around the bends of the track, would reduce the centrifugal forces acting on the 
Greyhound. This enables speed to be maintained at a reduced lean (Cook, 1998; 
Gillette and Zebas, 1991; Ireland, 1989), potentially reducing the risk of injury 
(Bloomberg, 1989, 1995). A surface gradient of 38 degrees would be required at 
the bend of the track in order to negate a horizontal force of 25 kg (Gillette and 
Zebas, 1991). This gradient, however, would be impractical to maintain using a 
sand surface material on a track that is approximately 6 m wide (Cook, 1998). A 
more manageable surface gradient of seven degrees at the bend of the track, for 
example, would reduce the horizontal force exerted on the limb joints of a 
Greyhound by approximately 16% compared to an unbanked bend (Gillette and 
Zebas, 1991).  
 
In a survey of injuries at five Greyhound tracks over a two-year period in the state 
of Wisconsin, USA, Sicard et al. (1999) found that race distance, speed and track 
design had a significant effect on injury rate, with an increase in rate of injuries 
with successively higher grades of race. Injuries most commonly occurred at the 
first bend of a race, where speed is fast and there is high congestion of dogs. 
Greyhound body weight, ambient temperature, time of year, race number and 
starting trap position were found to have no significant effect on the rate of 
injuries. Sicard et al. (1999) reported that one Greyhound track had a significantly 
higher injury rate than the other four tracks in the study; this particular racecourse 
had several design differences in comparison to the other four, including a shorter 
straightaway section and smaller turning radius at the second bend. 
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Track surface conditions are likely to have an effect on the occurrence of racing 
injuries in Greyhounds (Cook, 1998), as reported for lameness in racehorses 
(Cheney et al., 1973). The majority of Greyhound stadiums in the UK use sand 
materials at the track surface. Such tracks require regular watering in order to 
provide a cohesive surface on to which a Greyhound foot can grip (Cook, 1998). 
Inconsistencies in the track surface may result from poor track preparation or 
maintenance, over- or under-watering, uneven-watering or poor drainage (Cook, 
1998). This may increase the risk of injury, as Greyhounds are not capable of safely 
adjusting to differing track surface conditions during racing (Davis, 1973; Gillette, 
1992). 
 
Greyhounds may sustain injuries during training, trialling or racing, however the 
majority of injuries occur during the course of a race (Prole, 1976). The most 
common injuries sustained are to the muscles, with reported incidences of 25% 
(Prole, 1976) and 26% (Sicard et al., 1999) of total injuries in the UK and USA, 
respectively. Racing injuries involving the tarsus (hock) are also frequent, with 
reported incidences of 6% (Prole, 1976) and 25% (Sicard et al., 1999) in the UK and 
USA, respectively. Tarsal injuries predominantly affect the right pelvic limb 
(Boudrieau et al., 1984a; Gannon, 1972; Prole, 1976), most likely due to the 
stresses placed on this limb during anticlockwise racing (Anderson et al., 1995). In 
a survey of racing injuries in the UK by Prole (1976), 98% of all injuries to the tarsus 
occurred in the right pelvic limb.  
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Racing injuries involving the carpus (wrist) are also common, with reported 
incidences of 11% (Prole, 1976) and 12% (Sicard et al., 1999) of total injuries in the 
UK and USA, respectively. Approximately 66% of carpal injuries in Britain occur in 
the right thoracic limb (Prole, 1976). The lateral aspect of the right carpus, and the 
medial aspect of the left carpus, are the areas of the carpal joint most prone to 
injury in the British racing Greyhound (Guilliard, 1998, 2001; Guilliard and Mayo, 
2000a,b, 2001). The Greyhound has to counteract centrifugal forces while 
travelling anticlockwise around a bend (Ireland, 1989). It is hypothesised that this 
results in increased tension on the side of the carpus closest to the outer 
perimeter of the track, potentially overloading the supporting joint structures 
(Guilliard, 1998, 2001; Guilliard and Mayo, 2000a,b, 2001).  
 
Racing injuries involving the metacarpus or metatarsus are common, with reported 
incidences of 11% (Prole, 1976) and 7% (Sicard et al., 1999) of total injuries in the 
UK and USA, respectively. In both the UK and Australia, approximately 75% of 
injuries to the metacarpus occur in the left thoracic limb (Gannon, 1972; Prole, 
1976).  
 
The incidence of toe injuries has considerably reduced following the change of 
track surface material in the UK from grass to sand (Poulter, 1981). In a survey of 
injuries at two grass tracks in London, Prole (1976) reported a 41% incidence of toe 
injuries. In comparison, injuries to the toes represented 13% of total injuries in a 
survey of five tracks in the state of Wisconsin, USA, with surfaces of sand or mixed 
sand and clay (Sicard et al., 1999). 
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1.7.1. Muscular Injuries of the Racing Greyhound 
 
Rapid acceleration of the Greyhound can exert massive strain on the skeletal 
muscles, and inadequate warm-up of the muscles prior to exercise is thought to be 
an important predisposing factor in the development of muscular injuries (Blythe 
et al., 2007; Strickler et al., 1990). Injuries to the skeletal muscles can be classified 
into four stages according to severity (Davis, 1973). Racing Greyhounds are prone 
to muscle ruptures, sprains, haematomas, splitting of muscle sheaths and 
generalised muscular pain, as well as several myopathies (Davis, 1967, 1973). 
 
In the UK, the most commonly injured muscles are the triceps in the thoracic limb 
(Prole, 1976) and the gracilis muscle in the pelvic limb (Vaughan, 1969; Prole 
1976), with both muscles being very prone to rupture (Sanders, 1962; Keene and 
Yarborough, 1966). Triceps injuries appear to have a similar prevalence in both 
right and left thoracic limbs of British (Prole, 1976) and Australian (Davis, 1973) 
racing Greyhounds. The majority of gracilis injuries, however, occur in the right 
pelvic limb of Greyhounds raced in the UK (Prole, 1968; Vaughan, 1969; Hickman, 
1975). This is most likely due to stresses placed on the right pelvic limb during 
anticlockwise racing (Vaughan, 1969). Interestingly, a more even distribution of 
gracilis injury between right and left pelvic limbs has been reported in Australia 
(Davis, 1973). Ruptures of the triceps and gracilis muscles are usually accompanied 
by the development of a haematoma, resulting in distortion of the muscle contour 
at the lateral aspect of the shoulder and medial aspect of the thigh, respectively; 
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this is commonly known as a 'dropped muscle' (Vaughan, 1969; Davis, 1967; 
Hickman, 1975). Early treatment is required in order to minimise the amount of 
fibrous tissue formation at the rupture site, as this severely restricts locomotion in 
the limb and significantly reduces the racing potential of the dog (Davis, 1967; 
Hickman 1975). Injuries to the triceps and gracilis muscles do not seem to be 
associated with any specific actions or incidents, therefore the factors common to 
all Greyhound injuries are implicated (Hickman, 1975).  
 
Additional muscles prone to racing injuries include the trapezius, infraspinatus, 
deltoideus and deep pectoral muscles in the thoracic limb; and the tensor fascia 
lata, biceps femoris, sartorius, vastus lateralis, rectus femoris and gluteal muscles 
in the pelvic limb (Davis, 1967, 1973).  
 
In addition, Greyhounds may occasionally demonstrate a paralytic-type syndrome 
of muscle cramping during or after a race (Davis, 1967). This may be associated 
with dehydration, electrolyte imbalance or inadequate muscular warm-up prior to 
racing (Blythe et al., 2007). Exertional rhabdomyolysis, also known as 'acidosis' or 
'tying-up', is a potentially severe myopathy occasionally seen in racing Greyhounds 
(Davis, 1967, 1973) and other canine (Piercy et al., 2001), equine (McGowen et al., 
2002) and human (Galvez et al., 2008) athletes. 
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1.7.2. Tendon Injuries of the Racing Greyhound 
 
Tendon injuries, ranging from sprains to full disruptions, are frequently observed 
in the racing Greyhound (Molyneux, 2005), with a reported incidence of 10% of 
total injuries in the UK (Prole, 1976). The digital flexor tendons of the thoracic limb 
are particularly prone to injury, representing 86% of all injuries to the metacarpus 
(Prole, 1976). As these tendons are located on the palmar surface of the 
metacarpal bones, they come into close contact with the ground through 
hyperextension of the carpus during racing, and are therefore prone to bruising 
and concussion injuries (Davis, 1967). The digital flexor tendons of digit five in the 
left thoracic limb and digit two of the right thoracic limb are most frequently 
affected (Molyneux, 2005; Prole, 1976). Overall, up to 75% of flexor tendon 
injuries occur in the left thoracic limb of British Greyhounds (Prole, 1976).  
 
Other tendon injuries reported in the thoracic limb of the racing Greyhound 
include medial displacement of the tendon of origin of the biceps brachii muscle 
(Boemo and Eaton-Wells, 1995; Goring, 1984); rupture or avulsion of the biceps 
brachii and brachialis tendons of insertion (Schaaf et al., 2009); and sprain or 
rupture of the flexor carpi ulnaris tendon at its insertion (Dee et al., 1990; Prole, 
1976). Sprain of the common calcaneal (Achilles) tendon, which is composed of the 
gastrocnemius tendon, superficial digital flexor tendon and the common tendon of 
the biceps femoris, gracilis and semitendinosus muscles (Evans and deLahunta, 
2000), has been reported in the pelvic limb (Prole, 1976).  
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1.7.3. Ligament Injuries of the Racing Greyhound 
 
Ligament injuries are commonly observed in the racing Greyhound (Prole, 1976), 
and can range from mild tearing to a complete disruption of the ligament fibres, or 
an avulsion fracture at the origin or insertion of the ligament (Roy and Dee, 1994). 
The majority of carpal injuries in the Greyhound are described as carpal ligament 
sprains, which most frequently occur in the right thoracic limb of Greyhounds 
raced in the UK (Prole, 1976). The forces exerted on the carpus during the thoracic 
limb weight-bearing phase of the gallop result in hyperextension of the carpal joint 
by up to 270 degrees, potentially causing overload of the supporting structures 
(Guilliard and Mayo, 2000b). In the pelvic limb of British Greyhounds, 
approximately 24% of injuries to the tarsus are considered to be tarsal sprains 
(Prole, 1976).  
 
Specific ligament injuries reported in the racing Greyhound include sprains of the 
dorsal radiocarpal ligament (Guilliard, 1997); sprains or disorders of the short 
radial collateral ligament (Guilliard, 1998; Guilliard and Mayo, 2000a); avulsion 
fractures of the origins of the oblique and straight short radial collateral ligaments 
(Dee et al., 1990); sprains or ruptures of the dorsal tarsal ligaments (Davis, 1983; 
Guilliard, 2003b); and rupture of the plantar tarsal ligaments (Dee et al., 1990). 
Tears of the palmar superficial fascia over the accessory carpal bone (ACB) have 
also been described (Guilliard and Mayo, 2000b). In addition, degenerative 
changes of the support structures of the carpus and tarsus have been reported in 
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the racing Greyhound (Guilliard, 1998, 2005). In a radiographic survey of 100 
racing or retired British Greyhounds, Guilliard (1998) found a 14% incidence of 
enthesiopathy (disorder of the muscular or ligamentous attachment to bone) of 
the origin of the straight part of the short radial collateral ligament, with a 
significant over-representation of the left carpus. The disorder, however, was not 
found to be of clinical significance, and there was no evidence of any adverse 
effects on performance.  
 
1.7.4. Fractures and Luxations of the Racing Greyhound 
 
Bone fractures and joint luxations/subluxations (dislocations) are common racing 
injuries of Greyhounds (Prole, 1976; Sicard et al., 1999), with the majority 
occurring in the distal (lower) limb (Gannon, 1972). An overview of skeletal 
anatomy of the distal thoracic limb and distal pelvic limb are displayed in Figure 
1.2 and Figure 1.3, respectively. Fractures of the central tarsal (CTB), fourth tarsal, 
calcaneus, accessory carpal (ACB), metacarpal (MC), metatarsal (MT) and 
phalangeal bones, and instability of the interphalangeal joints, are most frequently 
observed (Anderson et al., 1995). 
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Figure 1.2. An overview of skeletal anatomy of the canine distal thoracic limb. 
Adapted from Evans and de LaHunta, 2012.  
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Figure 1.3. An overview of skeletal anatomy of the canine distal pelvic limb. 
Adapted from Evans and de LaHunta, 2012.  
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In a survey of racing injuries in the UK by Prole (1976), fractures and luxations have 
a reported incidence of 12% of total injuries; representing 9% and 21% of all 
injuries to the thoracic and pelvic limbs, respectively. In most domestic dog 
breeds, bone fractures are usually the result of external trauma or falling from a 
height (Gannon, 1972; Phillips, 1979). The majority of fractures that occur in racing 
Greyhounds, however, are not associated with direct trauma such as a fall or 
collision during racing (Siccard et al., 1999). They are instead considered a result of 
bone fatigue, due to cyclic compressive loading causing an accumulation of micro-
damage in the bone beyond its rate of repair by remodelling, until catastrophic 
fracture occurs through micro-crack dissemination or coalescence; such fractures 
are known as fatigue or stress fractures (Devas, 1961; Gannon, 1972; Taylor 1997, 
1998).  
 
In the racing Greyhound, stress fractures have been described in the central tarsal 
bone (CTB) (Bergh et al., 2012; Boudrieau et al., 1984a, 1984b; Devas, 1961; 
Emmerson et al., 2000; Gannon, 1972; Johnson et al., 2000; Muir et al., 1999; 
Tomlin et al., 2000), metacarpal (MC) and metatarsal (MT) bones (Bellenger et al., 
1981; Emmerson et al., 2000; Gannon, 1972; Johnson et al., 2001; Lipscomb et al., 
2001) and the acetabulum (Wendelburg et al., 1988). Stress fractures are 
frequently observed in human athletes (Brukner et al., 1996; Devas, 1969), 
racehorses (O’Sullivan and Lumsden, 2002, 2003) and in military recruits (Cline et 
al., 1998; Kowal, 1980; Ross and Allsopp, 2002). While stress fractures are 
common injuries of the racing Greyhound, they are rarely seen in other breeds of 
dog (Emmerson et al., 2000). 
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Fractures of the long bones (humerus, femur, radius, ulna, tibia and fibula) are 
relatively infrequent in racing Greyhounds, with reported incidences of 0.5% 
(Prole, 1976) and 2% (Siccard et al., 1999) of total injuries in the UK and USA, 
respectively. Such fractures are usually associated with direct trauma such as a 
bump, collision or fall during the race (Prole, 1976; Siccard et al., 1999), and are 
not associated with accumulation of bone fatigue micro-damage or branching 
micro-crack arrays (Tomlin et al., 2000).  
 
1.7.4.1. Fractures and Luxations of the Carpus (Wrist)  
 
Racing Greyhounds are prone to fracture of the accessory carpal bone (ACB) 
(Davis, 1967; Dee and Dee, 1985; Gannon, 1972; Hickman, 1975; Prole, 1976); a 
short rod of bone located on the palmar aspect of the carpus (Figure 1.2). The ACB 
articulates with the ulnar carpal bone and styloid process of the ulna, and acts as a 
lever arm for several carpal flexor muscles (Evans and de LaHunta, 2000). In the 
racing Greyhound, the majority of ACB fractures occur in the right thoracic limb 
(Bateman, 1960; Johnson et al., 1988; Prole, 1976). The injury is thought to occur 
as the Greyhound is travelling anticlockwise around a bend at high speed (Davis, 
1967; Hickman, 1975), at the point when all of the dog’s body weight is supported 
by the right thoracic limb (Bateman, 1960). The various types of ACB fracture have 
been described and classified into five categories based on their anatomic location 
and severity: types I to IV are avulsion fractures caused by excessive tensile loading 
of the ligaments or tendons inserting on the ACB, and type V fractures are 
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comminuted (Johnson, 1987). ACB fractures in the racing Greyhound do not 
respond well to conservative treatment, and surgery to remove the bone fragment 
is usually required (Bateman, 1960; Davis, 1963; Hickman, 1975). Luxation of the 
ACB (Guilliard, 2001) and subluxation of the second carpal bone (Guilliard and 
Mayo, 2001) have also been reported. 
 
1.7.4.2. Fractures and Luxations of the Tarsus (Hock) 
 
Fractures of the tarsal bones (Figure 1.4 and Figure 1.5) are commonly observed 
catastrophic injuries of the racing Greyhound, and account for approximately 67% 
of all injuries to the tarsus in the UK (Prole, 1976). The overwhelming majority of 
tarsal fractures occur in the right pelvic limb (Boudrieau et al., 1984a; Davis, 1967; 
Devas, 1961; Gannon, 1972; Guilliard, 2000; Keene and Yarborough, 1966; Prole, 
1976), most likely due to the stresses placed on the right tarsal joint during 
anticlockwise racing at high speeds (Anderson et al., 1995).  
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The majority of Greyhound tarsal fractures involve fracture of the central tarsal 
bone (CTB) (Boudrieau et al., 1984a; Gannon, 1972; Guilliard, 2000; Prole, 1976); 
an anatomically important bone located on the medial side of the tarsus (Figure 
1.4 and Figure 1.5). The CTB articulates with each of the six other tarsal bones 
(Evans and de LaHunta, 2012).  
 
Figure 1.4. Lateral aspect of the left tarsus of the dog. Adapted from Evans 
and de LaHunta, 2012. 
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Figure 1.5. Caudal aspect of the right tarsus and metatarsus of the dog. 
Adapted from Evans and de LaHunta, 2012. 
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In the racing Greyhound, fractures of the CTB have a characteristic reproducible 
pattern and are considered stress fractures (Bergh et al., 2012; Boudrieau et al., 
1984a, 1984b; Devas, 1961; Emmerson et al., 2000; Gannon, 1972; Johnson et al., 
2000; Muir et al., 1999; Tomlin et al., 2000).  
 
During anticlockwise racing around elliptical tracks, the CTB of the right pelvic limb 
is subjected to significantly greater compressive loads than the contralateral bone 
(Bergh et al., 2012). Consequently, the right CTB demonstrates a greater adaptive 
re-modelling response, sustains a greater amount of matrix micro-damage, and 
has increased bone mineral density (BMD) compared to the left CTB (Johnson et 
al., 2000; Muir et al., 1999). As a result, up to 96% of CTB fractures in racing 
Greyhounds occur in the right pelvic limb (Boudrieau et al., 1984a). The injury is 
usually sustained as the dog travels around a bend, when the compressive force 
placed on the medial aspect of the right tarsal joint is highest (Jones, 2009). 
Differences in BMD between fractured and intact CTBs of racing Greyhounds have 
been reported, with fractures occurring through a zone of increased BMD in the 
dorsal and mid-body regions of the right CTB (Bergh et al., 2012). Stress fracture of 
the navicular (central) tarsal bone has been described in humans, and is associated 
with short-distance running in track athletes (Brukner et al., 1996; Kiss et al., 
1993). 
 
CTB fractures have been described and classified into five types based on 
radiographic assessment of the fracture configuration (Dee et al., 1976): types I 
and II are dorsal slab fractures without or with displacement, respectively; type III 
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is a saggital fracture with displacement; type IV fractures, involving a dorsal slab 
and medial bone fragment with displacement, are the most common with an 
incidence of 68% (Boudrieau et al., 1984a); and type V fractures are severely 
comminuted and displaced. The introduction of an accurate classification system 
for CTB fractures led to improvements in surgical treatment, and reliable statistics 
on the likelihood of a successful return to racing (Boudrieau et al., 1984b). A recent 
study by Hercock et al. (2011), however, found that computed tomography (CT) 
scans are superior to radiographs for the evaluation and classification of severe 
CTB fractures, with improved observer ability to accurately assess the fracture 
severity, degree of displacement, extent of comminution and identification of 
adjacent tarsal bone fractures.  
 
Fracture of the CTB is one of the most common career-threatening injuries of the 
racing Greyhound (Jones, 2009). Dogs sustaining CTB fractures are often retired 
from racing or euthanased, mainly due to the financial costs of surgical treatment, 
the requirement for a long rest period and the possibility that the Greyhound may 
not regain its previous racing performance (Guilliard, 2000; Jones, 2009). In a study 
of 114 cases of CTB fracture in the USA, Boudrieau et al. (1984a) reported that 34% 
of Greyhounds sustaining a Type IV or V CTB fracture were euthanased or failed to 
return to successful racing. There is, however, a good prognosis for a return to 
competitive racing following surgical repair of the fracture (Boudrieau et al., 
1984b; Guilliard, 2000; Jones, 2009). In a study of 81 Greyhounds in the USA that 
underwent surgical repair of type III or IV CTB fractures, 88% successfully returned 
to racing (Boudrieau et al., 1984b). Similarly, in a review of eight greyhounds in the 
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UK that underwent surgical repair of type III or IV CTB fractures, Guilliard (2000) 
reported that seven of the dogs returned to racing, with six of the dogs regularly 
achieving race times as good as, or better, than the pre-injury race times. For all 
types of CTB fracture, surgical repair by internal fixation gives superior results to 
conservative treatment by external coaptation (Boudrieau et al., 1984b; Jones, 
2009). 
 
CTB fractures in racing Greyhounds are frequently associated with fractures of 
adjacent tarsal bones (Figure 1.4 and Figure 1.5) (Bellenger, 1981; Boudrieau et al., 
1984a; Emmerson et al., 2000; Guilliard, 2000, 2010; Ost et al., 1987; Prole, 1976). 
In a study of 114 cases of Greyhound CTB fractures in the USA, 64% of cases had 
additional fractures of adjacent tarsal bones; with the fourth tarsal bone, 
calcaneus and fifth metatarsal bone most commonly affected, in that order 
(Boudrieau et al., 1984a). Fracture of the CTB with additional fracture of the third 
tarsal bone has also been reported (Guilliard, 2000, 2010). A survey of 113 
Greyhound tarsal fractures in the UK by Guilliard (2010) found that 79% of cases 
involved CTB fractures, with concurrent fractures of adjacent tarsal bones in 61% 
of these cases. Additionally, a review of 51 Greyhound calcaneal fractures in the 
USA by Ost et al. (1987) found that 80% of cases were associated with fracture of 
the CTB. The prevalence of additional tarsal bone fractures appears to increase 
with the severity of the CTB fracture (Boudrieau et al., 1984a).  
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It has been hypothesised that these secondary fractures may occur due to bone 
weakening from accumulated matrix micro-damage, or alternatively due to 
stresses that arise during collapse of the dorso-medial region of the tarsus at the 
moment of CTB fracture induction (Boudrieau et al., 1984; Muir et al., 1999). 
Isolated fractures of the tarsal bones without involvement of the CTB have also 
been described (Guilliard, 2010; Ost et al., 1987). It has been suggested that many 
cases of isolated third tarsal bone fracture in British Greyhounds may be 
misdiagnosed as tarsal sprain injuries, due to the similarities in clinical signs and 
the fact that radiographic confirmation is often not obtained for Greyhounds 
racing in the UK (Guilliard, 2010).  
 
Several hyperextension injuries of the tarsus have been reported in racing 
Greyhounds, including plantar ligament rupture resulting in proximal intertarsal 
joint luxation (Dee et al., 1990); dorsal subluxations of the proximal intertarsal and 
the tarsometatarsal joints (Dee, 1998); and rupture of the dorsal tarsal ligaments 
resulting in dorsal tarsal instability (Guilliard, 2003b). 
 
1.7.4.3. Fractures and Luxations of the Metacarpus and Metatarsus 
 
Fractures of the metacarpal (MC) (Figure 1.2 and Figure 1.6) and metatarsal (MT) 
(Figure 1.3 and Figure 1.5) bones are common injuries of racing Greyhounds, with 
a high incidence observed in young Greyhounds between 14 and 28 months of age 
(Bellenger et al., 1981; Gannon, 1972; Piras, 2005).  
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Figure 1.6. Dorsal aspect of the left carpus and metacarpus of the dog. 
Adapted from Evans and de LaHunta, 2012. 
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Studies in Northern Ireland (Piras, 2005) and Australia (Gannon, 1972) have found 
that MC and MT fractures appear to be more frequent in male Greyhounds than 
females, potentially due to their greater body weight. Bellenger et al. (1981), 
however, reported a similar distribution of MC and MT fractures between male 
and female dogs racing in Australia.  
 
In the racing Greyhound, fractures of the MC and MT bones are not usually 
associated with external trauma, and are instead considered stress fractures 
(Bellenger et al., 1981; Emmerson et al., 2000; Gannon, 1972; Johnson et al., 2001; 
Lipscomb et al., 2001). Similar stress fractures of the MC bones in racehorses 
(Devas, 1967; O’Sullivan and Lumsden, 2002) and the MT bones of human athletes 
(Brukner et al., 1996; Devas, 1969) have also been described.  
 
The majority of Greyhound MC fractures occur in the left thoracic limb, with the 
fifth MC bone (MC5) most frequently affected (Figure 1.6). This is thought to be due 
to transference of body weight onto the left thoracic limb as the Greyhound travels 
anticlockwise around a bend, resulting in increased loading of the MC bones closest 
to the inner circumference of the track (Bellenger et al., 1981; Emmerson et al., 
2000; Gannon, 1972; Prole, 1976). Stress fractures of the left fourth (MC4), right 
second (MC2) and right third (MC3) MC bones are also commonly observed 
(Bellenger et al., 1981; Gannon, 1972; Piras, 2005). In the pelvic limb, stress 
fractures of the left fifth (MT5) and the right third (MT3) (Figure 1.5) MT bones are 
most frequent (Piras, 2005).  
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Cyclic loading of the distal limb bones during anticlockwise racing initiates an 
asymmetric remodelling response in the MC and MT bones, particularly the left 
MC5 (Emmerson et al., 2000; Johnson et al., 2001). Measurement of bone mass in 
racing Greyhounds by use of dual-energy x-ray absorptiometry (DXA) has revealed 
large left-to-right differences in the bone mineral density (BMD) of MC and MT 
bones, with the greatest left-to-right difference demonstrated in MC5 (Emmerson 
et al., 2000; Lipscomb et al., 2001). Overall, a higher BMD has been detected in the 
bones closest to the inside of the track during racing, specifically the left MC5 (or 
MT5) and MC4 (or MT4), and the right MC2 (or MT2) and MC3 (or MT3) (Emmerson 
et al., 2000). It is thought that the adaptive remodelling observed in certain distal 
limb bones of racing Greyhounds may be a protective biological response to limit 
the dissemination of micro-cracks, enabling the bone to sustain higher cyclic 
stresses and a greater amount of micro-damage before it ultimately fractures (Burr 
et al., 1985; Mori and Burr, 1993; Johnson et al., 2001, Lipscomb et al., 2001). 
 
1.7.4.4. Fractures and Luxations of the Phalangeal Bones 
 
Fractures of the phalangeal bones (digits) (Davis, 1973; Gannon, 1972; Prole, 
1976), interphalangeal joint luxations (Davis, 1967; Hickman, 1975) and sprains of 
the proximal interphalangeal joint (Guilliard, 2003a; Prole, 1976) are frequently 
observed injuries in racing Greyhounds, and most commonly occur in the left 
thoracic limb (Hickman, 1975; Prole, 1976). Gannon (1972) reported that 
phalangeal fractures in racing Greyhounds are not usually associated with direct 
trauma, and are likely to be stress fractures.  
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1.7.5. Miscellaneous Racing Injuries of the Greyhound 
 
Other common racing injuries to the foot include torn or broken toe nails, foot or 
toe pad injuries, palmar (or plantar) skin lacerations and splitting of the webbing 
between the toes (Davis, 1967, 1973; Prole, 1976). 
 
1.7.6. Genetic and Environmental Factors in the Pathogenesis of Stress 
Fractures 
 
Greyhounds are prone to a variety of soft tissue and orthopaedic injuries during 
racing or training. The focus of this thesis is on stress fracture injuries of the racing 
Greyhound, as it is hypothesised that stress fracture is a multifactorial multigenic 
disorder resulting from the combined effects of both genetic and environmental 
factors (Yanovich et al., 2012). Several risk factors have been identified in the 
development of stress fractures in human athletes and military recruits, including 
training intensity; tibia width; training surface; nutrition; smoking and motivation; 
female gender; increased age; type of physical activity; and poor fitness level at 
the start of a physical training program (Jones et al., 2002; McClung and Karl, 
2010). Furthermore, genetic risk factors have been implicated in the development 
of stress fracture injuries in humans (Chatzipapas et al., 2009; Friedl et al., 1992; 
Giladi et al., 1986; Givon et al., 2000; Milgrom et al., 1985; Singer et al., 1990). 
Investigation of the genetic factors involved in the pathogenesis of stress fracture 
in the racing Greyhound, however, has not previously been reported. 
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Stress fractures are common injuries of military personnel, with reported 
incidences of up to 5% of males and 21% of females (Jones et al., 2002). In a study 
of male military recruits in Finland, Valimaki et al. (2005a) reported that tall height, 
poor physical fitness, high serum parathyroid hormone level and decreased bone 
mineral content and BMD were associated with increased risk of stress fracture.   
 
Vitamin D is an essential nutrient that plays an important role in maintaining bone 
health. The binding of the biologically active metabolite 1,25-dihydroxyvitamin D 
[1,25(OH)2D] to the vitamin D receptor enables maintenance of calcium 
homeostasis through the synthesis of calcibindin, which affects the efficiency of 
calcium absorption in the intestine (McClung and Karl, 2010). A reduction in levels 
of vitamin D causes secretion of parathyroid hormone, which may increase bone 
resorption. Several studies have investigated the relationship between vitamin D 
status, vitamin D supplementation, and the occurrence of stress fractures in 
humans (McClung and Karl, 2010). Ruohola et al. (2006) reported that a lower 
level of serum vitamin D concentration was a significant risk factor in the 
occurrence of stress fracture in Finnish male military recruits.  
 
1.7.6.1. Genetic Factors in the Pathogenesis of Stress Fractures in Humans 
 
There is indirect evidence suggesting the involvement of genetic factors in the 
pathogenesis of stress fracture in humans, including reports of identical stress 
fractures occurring at the same anatomical sites in human monozygotic twins 
(Singer et al., 1990); multiple stress fractures occurring simultaneously in the same 
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individual (Milgrom et al., 1985); and variation in stress fracture incidence 
between military recruits in the same unit undergoing similar training regimes 
(Giladi et al., 1986). A study by Giladi et al. (1986) reported a high stress fracture 
recurrence rate; of all military recruits that sustained stress fractures during basic 
training, 10.6% developed subsequent stress fractures at a different anatomical 
site within one year. Givon et al. (2000) found a family history of stress fracture 
among first-degree relatives of 8.5% of Israeli Defence Force soldiers that 
developed high-grade stress fractures. In addition, Friedl et al. (1992) reported 
that a family history of stress fracture and/or other orthopaedic disorders 
occurred at a significantly higher rate amongst female military recruits that had 
sustained stress fractures. A family history of osteoporosis was associated with a 
ten-fold increased risk for stress fracture, suggesting that a genetic susceptibility is 
likely.  
 
Several candidate gene association studies have been performed to investigate 
genetic factors in the development of stress fractures in human military recruits 
(Korvala et al., 2010; McClung and Karl, 2010; Yanovich et al., 2011, 2012). The 
genes coding for oestrogen receptors and androgen receptors have been proposed 
as candidate genes for regulation of bone mass and turnover (Valimaki et al., 
2005a). Valimaki et al. (2005b) compared the rates of XbaI and PvuII 
polymorphisms in the Oestrogen receptor alpha gene ESRI, and the CAG repeat 
polymorphism of the Androgen receptor gene, between 15 Finnish male military 
recruits with stress fractures (cases) and 164 without stress fractures (controls). 
No significant differences in polymorphisms between cases and controls were 
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observed. Other studies have investigated the link between genes involved in 
Vitamin D metabolism and the incidence of stress fractures in humans. 
Chatzipapas et al. (2009) compared the rates of four polymorphisms (FokI, BsmI, 
ApaI and TaqI) in the Vitamin D Receptor gene between 32 Greek military recruits 
with stress fractures and 32 controls. The authors reported that the FokI and BsmI 
polymorphisms were independent risk factors for stress fracture, associated with a 
2.7-fold and 2.0-fold increased risk, respectively.  
 
 
1.8. Recording and Reporting of Greyhound Injuries  
 
Historically, Greyhound injury data has been routinely collected from many GBGB-
licensed race tracks by the Racecourse Promoters Association (RCPA). At 
participating stadiums, track veterinary surgeons used standard injury reporting 
forms to record details of injuries sustained during a race meeting or trial session. 
These forms were submitted to the RCPA for entry onto a central database 
(APGAW, 2007). This injury data, however, was not usually made available to 
anyone except a few individuals within the RCPA and the Greyhound industry 
regulatory bodies (APGAW, 2007). On one occasion, the RCPA provided the BGRB 
with data collected from a total of 123,000 trials and races during a six-month 
period in 2006; in which the incidence of injury was 0.45%, with a relative 
incidence of 0.23% for injuries to the tarsus and carpus. These figures, however, 
only refer to severe injuries that result in a Greyhound being unable to race for a 
period of at least six weeks, and ‘minor’ injuries were not recorded. It is therefore 
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likely that a considerable number of injuries sustained by racing Greyhounds were 
not officially documented (APGAW, 2007).  
 
Track veterinary surgeons typically record Greyhound injuries and treatment for 
their own clinical records. Currently, however, there is no publicly accessible 
database of injury data for racing Greyhounds in the UK. Injury data and statistics 
have never been published, neither for individual tracks nor the Greyhound 
industry as a whole, even on an anonymous basis or in summary form (APGAW, 
2007).  
 
In recent years, the GBGB have developed a Track Injury Database to act as a 
central repository for injury data collected from each of the GBGB-licensed 
stadiums (Greyhound Board of Great Britain, 2015). The track veterinary surgeon is 
required to enter injury records into the database within 24 hours of each race or 
trial meeting. Each stadium is provided with a summary of their respective injury 
statistics, along with the aggregated industry data for comparison, enabling areas 
of concern to be quickly identified. 
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1.9. Welfare of Racing Greyhounds in the UK 
 
1.9.1  Definition of Animal Welfare 
 
The World Organisation for Animal Health (OIE) (2016) defines animal welfare as 
how an animal is coping with the environment in which it lives. An alternative 
definition takes account of an animal's psychological state and feelings, and 
describes welfare as a broad term involving both the physical and mental well-being 
of an animal  (Brambell Report, 1965). A third approach to welfare states that 
animals should be permitted to live according to their nature and be able to express 
their full range of behaviours (Kiley-Worthington, 1989). The most widely accepted 
definition of animal welfare combines all three areas, and describes welfare as the 
state of an animal's body and mind, and the extent to which its nature and normal 
behaviour are expressed (Duncan and Fraser, 1997; Hewson, 2003). 
 
In 1965, the UK government commissioned an investigation into the welfare of 
animals in intensive livestock husbandry systems (Brambell Report, 1965). As a 
result, the Farm Animal Welfare Advisory Committee was established in 1967. The 
committee developed a set of guidelines recommending that animals require 
certain freedoms to ensure the best possible standards of welfare. The guidelines 
were first published in a press statement by the UK Farm Animal Welfare Council 
(1979), and became known internationally as the Five Freedoms (Farm Animal 
Welfare Council, 1979, 2009): 
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1. Freedom from thirst, hunger and malnutrition, by providing free access to 
 water and a suitable diet. 
2. Freedom from discomfort, by providing an environment  appropriate to 
 the animal's needs. 
3.  Freedom from pain, injury and disease, by prevention, rapid diagnosis and 
 treatment. 
4.  Freedom to express normal behaviour, by providing sufficient space, 
 suitable facilities and company of the animal's own kind where appropriate. 
5.  Freedom from fear and distress, by ensuring conditions and management 
 that avoid psychological suffering. 
  
The Farm Animal Welfare Council (2009) states that good welfare of an animal 
implies both physical fitness and a sense of well-being, and that any animal kept by 
man must at least be protected from unnecessary suffering. Although the Five 
Freedoms were originally intended for animals in livestock husbandry systems, they 
are now widely used as recommendations for ideal standards of welfare in all 
animals under human care, including companion, working, sport and laboratory 
animals, and animals kept in zoos, wildlife parks and sanctuaries (Farm Animal 
Welfare Council, 2009; World Organisation for Animal Health, 2016). The UK Animal 
Welfare Act 2006 came into force on 28th March 2007 in Wales and on 6th April in 
England, and places duty of care obligations on the owner or carer of an animal. 
Under the Act, any person responsible for an animal must legally take all reasonable 
measures to ensure that the needs of the animal, based on the defined Five 
Freedoms, are met to the extent required by good practice.  
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The original Five Freedoms have been criticised for focusing on the elimination of 
poor welfare and suffering (Farm Animal Welfare Council, 2009). The legal 
requirement in the Animal Welfare Act 2006 to provide for an animal's needs, 
however, implies a more positive approach to aim for good standards of welfare. In 
order to achieve high standards of welfare and a good quality of life, the Farm 
Animal Welfare Council (2009) state that an animal should, in addition, be provided 
with some of its wants, and that positive experiences must substantially outweigh 
the negative experiences over an animal's lifetime.   
 
1.9.2. History of Welfare Concerns in the British Greyhound Racing 
Industry 
 
Over the past decade, the welfare of racing Greyhounds in the UK has received 
greater media publicity and increased public and political interest. In July 2006, the 
Sunday Times newspaper published an article claiming that over a fifteen-year 
period, a builder’s merchant in Seaham, County Durham, had killed up to 10,000 
healthy ex-racing Greyhounds considered by their trainers to be no longer fast 
enough to race, and buried them at his property (Foggo, 2006). The article resulted 
in considerable public interest and concern over the welfare of racing Greyhounds 
and their fate following retirement from the sport. The issues raised by the article, 
and the proven destruction of at least two Greyhounds in this incident, led to the 
Associate Parliamentary Group for Animal Welfare (APGAW) initiating an inquiry in 
August 2006 into the welfare of racing Greyhounds in England (APGAW, 2007). In 
addition, the BGRB and NGRC jointly commissioned the Labour peer, Lord Bernard 
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Donoughue, to carry out an independent review of the Greyhound industry in the 
UK (Donoughue, 2007).  
 
Welfare issues can be defined as matters that refer to evaluations of states 
concerning an animal's interests (Yeates, 2010). One of the main welfare issues 
surrounding racing Greyhounds in the UK, identified by both the APGAW inquiry 
(APGAW, 2007) and independent review of the industry (Donoughue, 2007), was 
the number of Greyhounds that seemed to ‘go missing’ either before, during or 
after their racing careers. There were large gaps in the existing Greyhound industry 
records concerning the numbers of dogs bred for, racing in and retiring from the 
sport; the numbers of young Greyhounds that failed to make it to the track; the 
numbers of retired Greyhounds that were kept as pets, rehomed or euthanased; 
details of what happens to the unwanted dogs; and the incidence of racing injuries 
(APGAW, 2007). Importantly, both the APGAW inquiry (APGAW, 2007) and 
independent review (Donoughue, 2007) highlighted that the Greyhound industry 
produces a surplus of unwanted young dogs each year that do not make the grade 
to race competitively.  
 
Ireland has a very successful Greyhound industry, with a high demand for 
production of dogs for racing on Irish tracks. A large number of the Greyhounds 
bred in Ireland, however, are used to supply the British racing industry (APGAW, 
2007; Donoughue, 2007). Young Greyhounds are frequently transported over from 
Ireland in vans and by ferry, for sale in the UK.  
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All Greyhounds intended for racing are earmarked at approximately 10 to 16 
weeks of age. They are not registered with the racing regulatory body, however, 
until they begin their racing career at 15 to 20 months of age (Donoughue, 2007; 
APGAW, 2007). By comparing NGRC data for the numbers of Greyhounds 
earmarked and the numbers later registered for racing, the APGAW inquiry (2007) 
estimated that between 6,000 and 12,000 young Greyhounds bred to supply the 
British racing industry each year did not ever enter competitive racing, and were 
unaccounted for. It is likely that the majority of these Greyhounds initially entered 
training programmes, but were later discarded due to poor performance, 
behavioural problems or disinterest in racing (APGAW, 2007). Some of these young 
Greyhounds may have been retained as pets, rehomed, returned to Ireland or 
raced at Independent tracks. There was no accurate data available, however, to 
establish what happened to them, and it is likely that a considerable number may 
have been euthanased (APGAW, 2007).  
 
It is commonly accepted that the process by which an animal dies is a welfare 
issue, in that it may involve pain or other suffering. Webster (1994, 2005), 
however, argues that death in itself (non-existence) is not a welfare issue, and that 
an animal does not have concerns over achieving longevity. In this case, the 
euthanasia of healthy unwanted young Greyhounds would not be considered a 
welfare issue, providing that euthanasia is performed humanely. Yeates (2010), 
however, argues that death may in fact be a welfare issue, in that it prevents the 
animal from experiencing relevant positive states. If an animal would be otherwise 
expected to have sufficient positive experiences and a life worth living, then death 
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can be considered as contradictory to the animal's interests as it involves an 
absence of these states. Similarly, if the presence of life would have negative value 
overall, for example due to incurable disease or intractable pain, then death could 
be considered a benefit as it excludes negative states (Yeates, 2010). From this 
perspective, the euthanasia of a healthy young Greyhound may be considered a 
welfare issue, as it involves ending the life of an animal that would otherwise be 
expected to have a life worth living.  
 
In addition to young Greyhounds that fail to make it to the race track, an 
estimated 11,000 Greyhounds retire from licensed racing in the UK each year, 
often as a result of injury or a deterioration in performance. The Retired 
Greyhound Trust (RGT) is a national charity first established in 1975, with the aim 
of ensuring the long-term welfare of retired or unwanted racing Greyhounds 
(Retired Greyhound Trust, 2011). In addition to income generated through fund-
raising events and charitable donations, the RGT receives annual funding from the 
British Greyhound industry. In 2014, the RGT received approximately 1.8 million 
pounds through donations and gifts, a grant of 1.4 million pounds from the 
Greyhound industry through the British Greyhound Racing Fund (BGRF), £934,646 
through branch income and a £53,635 donation from Retired Greyhound Events 
Limited (Retired Greyhound Trust, 2014). The RGT rehomes approximately 3,500 
Greyhounds each year; an additional 1,500 Greyhounds are rehomed through 
other charities annually; an estimated 3,000 Greyhounds may be kept in kennels or 
retained as pets by their owners or trainers each year; an estimated 750 may be 
returned to Ireland; and the fate of the remaining 8,250 to 14,250 Greyhounds 
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each year is unknown (APGAW, 2007). There will be an additional unknown 
number of retired or unwanted dogs produced by the Independent sector of the 
Greyhound industry (APGAW, 2007). Consequently, the over-supply of young 
Greyhounds and the high numbers of dogs retiring from the sport each year result 
in the demand for rehoming exceeding the current provisions for retirement 
(Donoughue, 2007).  
 
The reports of the APGAW inquiry (2007) and independent review of the British 
Greyhound industry (Donoughue, 2007) both recommend that urgent measures 
should be taken to address the significant welfare issue of over-breeding and over-
supply of young Greyhounds for the sport. Whilst it would be difficult to restrict 
the numbers of Greyhounds bred and imported into the UK from Ireland, as this is 
likely to contravene European Union trade regulations, the Greyhound industry 
was advised to consider the standards of breeding and the traits for which 
Greyhounds are currently bred (APGAW, 2007; Donoughue, 2007). 
Recommendations were made for the licensing and inspection of breeding 
establishments, improved identification and tracking of greyhounds from birth to 
retirement, increased funding for retirement provisions and improvements in 
rehoming schemes. In addition, both the APGAW inquiry (2007) and independent 
review of the British Greyhound industry (Donoughue, 2007) recommend that 
further research into Greyhound breeding is required, in order to reduce the 
supply of unsuitable or injury-prone dogs.  
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1.9.3. Welfare Improvements in the British Greyhound Racing Industry 
 
As a result of the recommendations made by Donoughue (2007), the licensed 
sector of Greyhound racing was required to undergo a major restructuring and 
reform process in order to maintain its self-regulatory framework. The NGRC and 
BGRB were abolished and replaced by a single body to govern, regulate and 
manage licensed Greyhound racing: the Greyhound Board of Great Britain (GBGB), 
which became operational on 1st January 2009 (Greyhound Board of Great Britain, 
2009). The GBGB was required to obtain accreditation by the United Kingdom 
Accreditation Service (UKAS) in order to be considered acceptable as a transparent 
and auditable regulator of its own welfare standards. The GBGB now enforce a 
comprehensive set of rules and regulations applicable to all licensed Greyhound 
tracks, owners and trainers in the UK, in order to ensure that the sport meets 
specified welfare and integrity standards (Greyhound Board of Great Britain, 
2014).  
 
Over recent years, the licensed sector of the Greyhound industry has significantly 
increased the amount of funding it provides towards Greyhound welfare; from 
2.66 million pounds in 2005 (British Greyhound Racing Fund, 2007) to 
approximately four million pounds, more than one third of its annual budget, in 
2009 (Greyhound Board of Great Britain, 2009). The main areas of welfare 
expenditure include financial support for the RGT, veterinary attendance at race 
meetings and trial sessions, track safety improvements, track kennel 
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improvements, grants to trainers to improve their kennel and transport facilities, 
and welfare research (Greyhound Board of Great Britain, 2009).  
 
In addition, the licensed racing industry has made many improvements in record-
keeping and tracking of Greyhounds throughout their racing career. Traditionally, 
racing Greyhounds have been identified by means of ear pinnae tattoos (Chapter 
1.4.1.2). There have been a number of reported cases, however, of Greyhounds 
having their ear pinnae mutilated or cut off so that they cannot be identified with 
a particular owner or trainer (APGAW, 2007). The traceability of Greyhounds from 
birth to retirement has been greatly improved by the requirement for a unique 
microchip to be implanted in all GBGB-registered Greyhounds before they take 
part in their first race or trial. In addition, the recent introduction of the 
Microchipping of Dogs (England) Regulations 2015 requires that all dogs of all 
breeds must be microchipped from eight weeks of age. The GBGB maintain details 
of all registered Greyhounds and their microchip numbers, owners and trainers on 
a central database. The microchips are scanned prior to each race to confirm the 
identification of the dog. Owners are required to inform the GBGB when a 
registered Greyhound has retired from racing or has died, and must give details of 
the cause of death (Greyhound Board of Great Britain, 2009). The requirement for 
microchipping may therefore improve Greyhound welfare by improving the 
traceability of the dog throughout its life, so that it is linked to a known owner who 
is accountable for its welfare. This does rely, however, on ensuring that records 
held in the central database are updated if the Greyhound is sold or rehomed. In 
addition, the implantation of a subcutaneous microchip does not guarantee that it 
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will remain in the dog for life. There have been reported cases of non-veterinary 
removal of microchips from Greyhounds, leaving the dog with an open wound 
(APGAW, 2007). 
 
Furthermore, the Independent sector of the British Greyhound industry has taken 
part in a major reformation process over recent years. Prior to 6th April 2010, there 
was no requirement for licensing or regulation of Independent tracks, no code of 
practice or specified standards for Greyhound welfare, and no requirement for a 
veterinary surgeon to be present at race or trial meetings. Consequently, welfare 
standards at British Independent Greyhound tracks were reported to vary 
considerably (APGAW, 2007; Donoughue, 2007). Following the independent 
review (Donoughue, 2007) and APGAW inquiry (APGAW, 2007) into the 
Greyhound industry of the UK, the British Government introduced secondary 
legislation under the Animal Welfare Act 2006 in order to regulate the welfare of 
all racing Greyhounds, in both the licensed and Independent sectors of the 
industry. The aim was to establish a set of minimum welfare standards for all 
Greyhound tracks in England, and to improve the traceability of Greyhounds from 
birth to retirement.  
 
The Welfare of Racing Greyhounds Regulations 2010 (England) came into force on 
6th April 2010, and requires that all Independent Greyhound tracks in England must 
be licensed by their local authority. Additionally, all Greyhound tracks in England 
must: have a veterinary surgeon present at all race and trial meetings who inspects 
every Greyhound before it runs; provide appropriate veterinary facilities; keep 
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accurate records of all Greyhounds, owners, trainers and injuries; allow only 
Greyhounds that are microchipped to run in a race or trial; and, since April 2013, 
must also provide kennels for at least 20% of Greyhounds present at the track for 
racing or trialling.  
 
The British Government and Greyhound racing industry have therefore taken 
considerable measures over recent years to improve the general welfare of racing 
Greyhounds in the UK, in both the regulated and Independent sectors of the sport. 
One of the most significant issues yet to be addressed, however, is the number of 
surplus young Greyhounds produced for and by the British Greyhound racing 
industry each year. Consequently, this thesis focuses on a potential solution to this 
welfare issue through the application of modern methods of genetic analysis to 
the selection and breeding of racing Greyhounds. Using racing speed as an 
example trait, the thesis investigates how the targeted genetic selection of 
Greyhounds for speed (in combination with other health, welfare and 
economically-important traits) would produce Greyhounds of superior and 
predictable genetic merit, and therefore reduce the overproduction of young dogs 
that do not make the grade to race.  
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1.10. Selection and Animal Breeding 
 
A trait is defined as any visible or measurable feature of an individual (Bourdon, 
2014). Certain animal traits, such as coat colour, are controlled by a single major 
gene and are inherited in a simple Mendelian fashion, in which the animals can be 
divided into discrete categories. Such characteristics are known as qualitative 
traits, and are usually controlled entirely by genes and therefore unaffected by 
non-genetic (environmental) influences (Simm, 1998). In animal breeding, 
however, the majority of traits of economic importance are controlled by many 
different genes at different loci, and are measured in units or as quantities on a 
continuous scale of performance. Such characteristics are known as quantitative 
traits; most of which are also affected by non-genetic (environmental) influences 
such as nutrition, management, training, climate, geographic location or exposure 
to disease (Simm, 1998).  
 
Genetic improvement is dependent on the existence of genetic variation between 
individuals in a particular trait of interest. The objective of animal breeding is to 
accurately identify animals with the ‘best’ or ‘superior’ characteristics, and to 
select these individuals as parents of the next generation. Scientific advances in 
the twentieth century, particularly in the areas of population and quantitative 
genetics, statistics, reproduction, and more recently molecular genomics, have 
greatly improved the process of selective breeding. Following pioneering work in 
the early 1900s in areas of population and quantitative genetics by Ronald A. 
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Fisher, J. B. S. Haldane and Sewall Wright, these theories were first applied to 
animal breeding by Jay L. Lush in the 1930s (Falconer and Mackay, 1996; Simm, 
1998). Over the past 50 to 60 years, scientific methods of selection based on 
performance measurements and genetic evaluations have become widely used in 
pig, poultry, sheep, dairy and beef cattle breeding. This has resulted in increased 
output, decreased costs and improvements in the quality of animal products 
(Simm, 1998). The resulting genetic improvement within the population is 
permanent.  
 
1.10.1. Genetics of Quantitative Traits 
 
The observed performance of an animal for a particular trait is known as its 
phenotype (P). For the majority of quantitative traits, the phenotype of an 
individual is dependent on its genotype (G) and the environment (E), which 
includes all non-genetic factors affecting its performance. This can be expressed 
as: 
 
P = G + E   (Falconer and Mackay, 1996) 
 
The genotype of an individual can be further divided into additive genetic effects 
(GA), the combined effects of all alleles which act additively on a particular trait; 
and non-additive genetic effects (GNA) due to dominance, where the effect of one 
allele at one locus can be influenced by the presence of another allele at that same 
locus, and epistasis, where the presence of an allele at one locus masks the effects 
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of another allele at a different locus. Additionally, the environmental influences 
affecting the phenotype of an individual can be further divided into permanent 
environmental effects (Ep) which affect the individual for life, and temporary 
environmental effects (Et) which have a short-term effect on performance. This 
can be expressed as: 
 
P = GA + GNA + Ep + Et   (Simm, 1998) 
 
For the majority of quantitative traits, it is the additive genetic (GA) part of the 
individual’s genotype, also known as its breeding value, which is estimated and 
altered through selection. The effects of dominance and epistasis on quantitative 
characteristics are difficult to measure, and are usually considered as ‘noise’ in 
within-breed selection programmes (Simm, 1998).   
 
For a population of animals, measuring the total amount of variation in 
performance for a trait of interest, and dividing this into both genetic and non-
genetic effects, is an essential part of breed improvement programmes. The total 
phenotypic variance (σ2P) observed in a population of individuals, for a particular 
trait, can be divided into a component due to variation in the genotype of the 
individuals (genetic variance, σ2G), and a component due to variation in their 
environment (environmental variance, σ2E). This can be expressed as: 
 
σ2P = σ
2
G + σ
2
E    (Simm, 1998) 
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The genetic variance can be further divided into a component due to additive 
genetic variance (σ2GA), or the variance in breeding values, and variance due to the 
non-additive genetic effects (σ2GNA) of dominance and epistasis. In addition, the 
environmental variance can be further divided into permanent (σ2Ep) and 
temporary (σ2Et) environmental variation. This can be expressed as: 
 
σ2P = σ
2
GA + σ
2
GNA + σ
2
Ep + σ
2
Et  (Simm, 1998) 
 
1.10.2. Phenotypic Selection 
 
Traditional methods of animal breeding are based on phenotypic selection, in 
which selection decisions are based on performance information from the 
individual animal only. The pedigree of the animal, and performance of its relatives 
or offspring, are not considered (Bourdon, 2014). Selection based on phenotypic 
performance can result in genetic improvements within a breed or group of 
animals when the trait under selection is reasonably heritable, that is a large 
proportion of the observed phenotypic variation in the trait is due to genetic 
effects. Phenotypic selection, however, is a slow and inefficient method of animal 
improvement (Taubert et al., 2007). As phenotypic expressions of traits are 
influenced by both genetic and non-genetic (environmental) factors, this selection 
system may not use the genetic potential of the population to maximum effect 
(Islam et al., 2013). 
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1.10.3. Estimated Breeding Value (EBV) 
 
Most modern animal breeding programmes aim to separate the effects of 
genotype and the environment, to enable the selection of animals that have high 
genetic merit to become parents of the next generation, rather than those that 
perform well as a result of favourable environmental conditions (Simm, 1998). It is 
not possible to know an animal's true breeding value for a particular trait. Modern 
methods of genetic analysis, however, can be used to quantify and adjust records 
of performance for known environmental influences, and calculate Estimated 
Breeding Values (EBVs), also known as Predicted Breeding Values (PBVs), for 
individual animals (Simm, 1998). The EBV estimates the proportion of superiority 
or inferiority in an individual's performance that is due to additive genetic effects 
that can be transmitted from parent to offspring (Bourdon, 2014; Simm, 1998). 
The EBV of an individual therefore indicates their genetic value for a particular 
trait. The calculation of EBVs for animals within a population group enables these 
individuals to be ranked according to their additive genetic merit, providing a 
useful tool for breeders in the selection of animals for breeding.  
 
The EBV of an animal is obtained by measurement of phenotypic performance of 
the individual and/or its relatives for a particular trait, and that of the population 
group in which it performs. This requires a detailed performance recording system, 
accurate identification of individual animals and accurate pedigree records. The 
accuracy of EBV calculation for an individual animal can be increased by using 
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performance data from relatives and/or using repeated records of performance 
from the individual (Bourdon, 2014; Nicholas, 2003; Simm, 1998). 
 
In traditional methods of EBV calculation, the performance records are usually first 
adjusted to take account of a number of environmental influences, such as age at 
measurement, season or geographic location, using one of several adjustment 
methods (Bourdon, 2014; Simm, 1998). One approach is to adjust records of 
performance using additive correction factors. This involves adding quantities to 
(or subtracting quantities from) the performance records of individuals belonging 
to particular groups, for example growth rate in different litter sizes at birth, to 
enable comparison between all individuals. Alternatively, multiplicative correction 
factors may be used. This method involves adjustment of performance records by 
multiplying by the correction factors for individuals belonging to particular groups. 
This method may be more appropriate than additive adjustments when the 
correction factors are intended to be used across population groups which 
demonstrate very different levels of performance. A third method involves 
standardising to adjust records of performance. The records from individuals born 
over a specified time period are allocated to a particular contemporary group, 
based on the factors to be adjusted for. Within each of these contemporary 
groups, the performance record of each individual is expressed as a deviation from 
the mean of the group, in standard deviation units. This enables the direct 
comparison of the standardised measurements across contemporary groups 
within a flock, herd or racing stable/kennel establishment (Simm, 1998).  
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An alternative approach involves calculation of EBVs using Best Linear Unbiased 
Prediction (BLUP), which is a statistical technique that enables the simultaneous 
estimation of environmental influences and prediction of EBVs. BLUP enables 
performance records of the individual and/or those of its relatives to be combined, 
taking into account the genetic relationships between them, in order to increase 
the accuracy of EBV prediction (Nicholas, 2003; Simm, 1998). BLUP models include 
equations that solve for contemporary group effects, which are the environmental 
factors common to all individuals within a contemporary group, by comparing the 
performance of relatives in different contemporary groups (Bourdon, 2014). BLUP 
procedures therefore account for both environmental and genetic variations 
between different contemporary groups during the calculation of EBVs. 
Consequently, this enables the direct comparison of the resulting EBVs across 
different contemporary groups, and across different flocks, herds or racing 
stable/kennel establishments where there are genetic links between them via 
related animals (Bourdon, 2014; Simm, 1998). BLUP is the method of choice for 
large-scale genetic evaluations, and is therefore the method selected for genetic 
evaluation of the British racing Greyhound population in this thesis.  
 
EBVs are usually expressed in the same units as the record of performance, such as 
kilograms of live weight, or metres per second for speed (Simm, 1998). EBVs are 
usually expressed relative to the population group mean, which is set to zero, and 
can therefore have a positive or negative value or be equal to zero. The sign of the 
EBV (positive or negative) indicates whether the individual is expected to rank 
genetically above or below the mean of the population group on which the 
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calculations were performed (Simm, 1998). The current system in use by the UK 
Kennel Club (2014) is that EBVs for dogs take the same unit and direction as the 
original phenotype. For example, a lower race time would be favourable in racing 
Greyhounds, as the fastest dog will complete the race in the shortest amount of 
time. Consequently, more negative EBVs would be favourable for this trait. In this 
case, a negative EBV or positive EBV would indicate that the individual is expected 
to be genetically better (faster) or worse (slower) than the population group mean 
(set to zero), respectively.   
 
The calculation of EBVs and their application to animal breeding programmes has 
been extremely successful in improving health, production, performance and 
trainability traits in many groups of animals worldwide, including sports horses, 
dairy and beef cattle, guide dogs, pigs, poultry, sheep and fish (Bourdon, 2014; 
Famula, 2012; Simm, 1998). 
 
1.10.4. Heritability (h2) 
 
In order to calculate EBVs, an estimation of the heritability (h2) of the trait being 
measured is required. Heritability is defined as the ratio of additive genetic 
variance (σ2GA) to phenotypic variance (σ
2
P):  
 
h2 = (σ2GA) / (σ
2
P)  (Falconer and Mackay, 1996) 
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Heritability therefore represents the proportion of observed phenotypic variance 
in a trait that is due to additive genetic effects, and can be passed on to the next 
generation. The h2 is expressed as a proportion from zero to one, or as a 
percentage from 0% to 100%, and is specific to a particular population (Willis, 
1998). In general, traits with an estimated h2 below 0.2, between 0.2 and 0.4, or 
greater than 0.4 are considered to be lowly heritable, moderate heritable or highly 
heritable, respectively (Bourdon, 2014). If the estimated h2 of a particular trait is 
high, then a large proportion of the phenotypic variance in that trait is due to 
additive genetic effects, and it is expected that much of the superiority of the 
parents will be passed on to their offspring (Simm, 1998). If the estimated h2 of a 
trait is low, then a large proportion of the phenotypic variation in the trait is due to 
non-genetic (environmental) effects. Consequently, the observed phenotypic 
performance of an individual is a poor indicator of its underlying breeding value for 
this trait, and selection based on phenotypic performance will be ineffective 
(Bourdon, 2014).  
 
Estimation of h2 is based on measuring the degree of similarity in performance 
between relatives (Falconer and Mackay, 1996; Nicholas, 2003; Simm, 1998), for 
example the regression of offspring performance on parent performance for a 
particular trait. More sophisticated techniques involve measuring the degree of 
similarity in performance between different classes of relative. This can be 
achieved using modern statistical methods, which simultaneously calculate the 
additive genetic relationship between all relatives in that population group. 
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There are differences in published values for h2 both between and within traits. In 
general, fertility and survivability-related traits tend to have low h2. Production 
and performance traits such as speed, growth rate, milk or egg production tend to 
have moderate h2, and carcass and conformation-related traits tend to have the 
highest h2 (Bourdon, 2014). Typical h2 estimates for a number of traits of economic 
importance in various livestock species are displayed in Table 1.2. Heritability 
estimates for several performance traits of economic importance in racing animals 
are displayed in Table 1.3. There is considerable variation in the reported h2 
estimates for performance traits in horses (Ekiz and Kocak, 2005; Ekiz et al., 2005a; 
Thiruvenkadan et al., 2009a,b; Villela et al., 2002). This may be explained by the 
differences in approach and study design between studies, differences in the 
statistical method used for h2 estimation and the inclusion of different 
environmental (non-genetic) factors in the genetic analyses. Failure to account for 
important environmental factors in the genetic analysis may result in an 
underestimation of the proportion of additive genetic variance associated with the 
trait. 
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Species Trait h
2
 Estimate 
Cattle (Dairy) Milk yield 0.25 - 0.40 
Milk fat % 0.50 - 0.60 
Milk protein % 0.50 - 0.60 
Rear leg set 0.15 
Stature 0.50 
Teat placement 0.30 
Udder support 0.20 
Various fertility measures  0.01 - 0.05 
Cattle (Beef) Back fat thickness 0.40 - 0.50 
Birth weight 0.25 - 0.40 
Calving ease 0.05 - 0.15 
Calving interval 0.05 
Feed Conversion 0.40 
Mature weight 0.65 
Weaning weight 0.20 - 0.30 
Yearling weight 0.30 - 0.40 
Sheep Birth weight 0.10 - 0.30 
Carcass fat depth 0.25 - 0.35 
Fleece diameter 0.45 - 0.55 
Fleece weight 0.30 - 0.40 
Number of lambs born 0.15 
Weaning weight  0.15 - 0.25 
Yearling weight 0.20 - 0.25 
 
Table 1.2. Typical heritability (h2) estimates for a number of traits of economic 
importance in various livestock species (Bourdon, 2014; Correa and Mota, 2007; 
Desgorces et al., 2012; Ryan, 1975; Simm, 1998; Taubert et al., 2007). 
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Species/Type Trait h
2
 Estimate 
Dog  
(Racing Greyhound) 
Race time (480 m race distance) 0.23 - 0.31 
Speed 0.18 
Rank at finish 0.10 
Horse  
(Thoroughbred) 
 
Race time (final time/average time) 0.06 - 0.84 
Race time (best time) 0.10 - 0.77 
Rank at finish 0.04 - 0.37 
Earnings/annual earnings 0.04 - 0.19 
Log earnings/log annual earnings 0.08 - 0.60 
Average earnings per start 0.02 - 0.30 
Log average earnings per start 0.34 - 0.56 
Handicap weight/timeform rating 0.17 - 0.93 
Horse 
(Arabian) 
Race time (final time) 0.18 - 0.30 
Race time (best time) 0.281 
Rank at finish 0.07 
Annual earnings 0.14 
Log annual earnings 0.15 
Earnings per start 0.17 
Log earnings per start 0.17 
Horse  
(Trotter) 
Race time (final time) 0.005 - 0.92 
Race time (average time) 0.23 - 0.74 
Race time (best time) 0.00 - 0.88 
Rank at finish 0.12 - 0.25 
Total earnings 0.00 - 0.75 
Log total earnings 0.00 - 0.46 
Average earnings per start 0.09 - 0.34 
Horse 
(Quarter horse) 
Race Time 0.17 - 0.41 
Speed Index 0.14 - 0.19 
Rank at finish 0.13 
 
Table 1.3. Heritability (h2) estimates for a number of performance traits of 
economic importance in racing animals (Desgorces et al., 2012; Ekiz and Kocak, 
2005; Ekiz et al., 2005a; Ryan, 1975; Taubert et al., 2007; Thiruvenkadan et al., 
2009a,b; Villela et al., 2002). 
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1.10.5. Genetic Evaluations and Application of EBVs to Livestock Breeding 
Programmes 
 
Within the livestock industries, traditional methods of animal selection for 
breeding are based on visual inspection of individuals, for example for 
conformation traits, and on phenotypic performance in traits such as milk yield, 
fertility or growth rate. Recent scientific advancements and development of 
genetic selection technologies have enabled an animal's true genetic merit, or 
breeding value, to be estimated more accurately. Over the past 50 to 60 years, the 
calculation and incorporation of EBVs into breeding programmes, and selection of 
animals with superior EBVs for desirable traits, have revolutionised livestock 
production worldwide.  
 
In the dairy cattle industry, genetic evaluations and EBVs are used in breeding 
programmes for a range of economically-important and health-related traits, 
including milk production traits of total yield, fat and protein percentage (Kaygisiz, 
2013; Visscher et al., 1991); conformation and linear type traits (Kougioumtzis et 
al., 2014; Zink et al., 2011); fertility and calving traits (Eaglen et al., 2012; Pritchard 
et al., 2013b; Royal et al., 2002a, 2002b; Wall et al., 2003); health traits and 
resistance to certain common diseases (Pritchard et al., 2013a, 2013b; Stott et al., 
2005; Weber et al., 2013); feed intake, live weight and body condition score 
(Buttchereit et al., 2012; Pech et al., 2014); and workability traits such as 
temperament and ease of milking (Sewalem et al., 2011). Traits recorded and used 
in genetic evaluations and breeding programmes for beef cattle and sheep include 
reproductive traits (Amer et al., 1998; Bormann and Wilson, 2010; de Vries et al., 
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1998; Macfarlane et al., 2010; Roughsedge et al., 2005); growth and carcass traits 
(Amer et al., 1998; Bouquet et al., 2010; Mortimer et al., 2014); wool quality in 
sheep (Safari et al., 2005; Swan et al., 2008); and milk production and udder 
conformation traits in dairy ewes (Carta et al., 2009). Genetic evaluations and EBVs 
are also widely used for breed improvement programmes in pig, poultry and fish 
industries (Bourdon, 2014).  
 
1.10.6. Genetic Evaluations and Application of EBVs to Equine Breeding 
Programmes 
 
There is a long recorded history of unidirectional selection and clearly defined 
selection criteria within horse breeds. Selection criteria similar to those used today 
for selection of riding and racing horses had been defined for cavalry horses by 400 
BC (Evans et al., 1995). Over the past 300 years, Thoroughbred horses have been 
selectively bred to improve performance traits such as race time, rank finish 
position, stamina and earnings. Breeding programmes commonly involve 
traditional methods of selection based on phenotypic performance. Genetic 
evaluations of horse populations and application of EBVs to breed improvement 
programmes, however, are minimal in comparison to those undertaken for the 
food-producing livestock industries (Thiruvenkadan et al., 2009a). 
 
Equine breeding selection has been developed by applying modern methods of 
genetic analysis to calculate estimated heritabilities (Table 1.3) for a number of 
race performance traits in Thoroughbreds (Bakhtiari and Kashan, 2009; Buxadera 
and Mota, 2008; Ekiz et al., 2005b; Ekiz and Kocak, 2007; Mota et al., 1998, 2005; 
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Oki et al., 1995; Park, 2011; Sobczynska and Lukaszewicz, 2004; Svobodova et al., 
2005; Taveira et al., 2004; Williamson and Beilharz, 1998); Arabian racehorses (Ekiz 
and Kocak, 2005; Ekiz et al., 2005a); trotting racehorses (Bugislaus et al., 2004; 
Gomez et al., 2010a, 2010b, 2011; Langlois and Vrijenhoek, 2004); and Quarter 
horses (Correa and Mota, 2007; Villela et al., 2002).  
 
1.10.6.1. Thoroughbred Racehorses 
 
Competition data are frequently used in the genetic evaluation of racehorses. The 
performance trait 'race time' is a direct measure of speed over a certain distance. 
Reported h2 estimates for race time of Thoroughbred horses vary from 0.06 to 
0.84 according to age, sex, track, race distance and h2 estimation method 
(Thiruvenkadan et al., 2009a; Williamson and Beilharz, 1996), with a tendency for 
h2 estimates to decrease as the race distance increases (Bakhtiari and Kashan, 
2009; Ekiz and Kocak, 2007; Park 2011; Mota et al., 2005; Mota, 2006; Oki et al., 
1995; Williamson and Beilharz, 1998). Similar results have been reported in the 
American Quarter Horse (Buttram et al., 1988). This may be due to other factors, 
such as the jockey and temporary environmental effects, having a stronger effect 
on racing speed and performance as the race distance increases (Oki et al., 1995), 
suggesting that racehorse selection based on racing time may become less 
effective with increasing race distance (Thiruvenkadan et al., 2009a). Oki et al. 
(1995) suggested that racing time at different distances might be regarded as 
different traits. 
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In contrast, Ekiz et al. (2005a,b) reported a marked increase in h2 estimates for a 
race distance of 1,600 m, when compared to races at 1,200 m. Buxadera and Mota 
(2008) reported a different pattern for race performance of Thoroughbred horses 
in Brazil, with h2 estimates for race time remaining relatively constant (0.22 to 
0.21) for 1,000 m, 1,100 m and 1,200 m race distances, then declining with greater 
distances until reaching a h2 of 0.10 at 1,600 m. Mota (2006) reported h2 estimates 
for Thoroughbred horses in Brazil varying from 0.10 to 0.32 according to race 
distance, with the highest h2 estimate for the shortest race distance of 1,000 m. 
Mota (2006) suggested that selection based on racing time at 1,000 m could be 
effective within a breeding program; as this trait shows higher h2 (0.32), and 
genetic correlations between race time at different distances were found to be 
favourable and relatively high (mean of 0.74).  
 
1.10.6.2. Sports Horses 
 
In sports horses, heritabilities have been published for jumping, dressage and 
cross-country performance, longevity, temperament, conformation and 
movement analysis traits (Aldridge et al., 2000; Kearsley et al., 2008; Posta et al., 
2009, 2010; Ricard and Blouin, 2011; Stewart et al., 2010, 2011; Viklund et al., 
2010). The use of genetic evaluations in sport horse breeding programmes is 
commonly performed in Sweden (Ollson et al., 2008; Viklund et al., 2008, 2010; 
Wallin et al., 2003), the Netherlands (Ducro et al., 2007; Huizinga et al., 1991a, 
1991b; Koenen et al., 1995), Germany (Becker et al., 2011; Bruns et al., 1980), 
France (Dubois et al., 2008; Langlois and Blouin, 2004; Ricard and Blouin, 2011; 
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Ricard and Chanu, 2001), Belgium (Rustin et al., 2009), Hungary (Posta et al., 2009, 
2010) and Ireland (Aldridge et al., 2000).  
 
Data from young sport horse performance tests or adult competition data, or a 
combination of both, are often used in the calculation of genetic parameters. The 
published EBVs are routinely and successfully used in many international sport 
horse breeding programmes (Stewart et al., 2011). Selection indexes combining 
breeding values for several traits of interest are now calculated routinely in many 
different horse breeds (Barrey, 2010). Performance tests for young sports horses 
were more recently introduced in the UK in 2002. Several studies have performed 
genetic evaluations of British sport horses, using young horse test data (Stewart et 
al., 2011) or adult competition data (Kearsley et al., 2008; Stewart et al., 2010). 
Applications of genetic evaluations and EBVs to British breed improvement 
programmes are currently under development. 
 
1.10.7. Canine Breed Improvement Programmes 
 
1.10.7.1. Domestication of the Dog 
 
Until recently, domestication of the dog was believed to have begun 
approximately 12,000 to 14,000 years ago. Domestic dog remains dating back 
more than 30,000 years, however, have recently been discovered in central 
Europe, indicating a much earlier time of domestication (Vila and Leonard, 2012). 
Several morphologically divergent dogs, including Sighthounds and Mastiffs, were 
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depicted on ancient Egyptian tombs, ancient Greek vases and in western Asia 
approximately 4,000 years ago (Vila and Leonard, 2012). The Romans were 
possibly the first to develop distinct breeds of dog that differed dramatically in 
conformation and size.  
 
A population bottleneck is a dramatic reduction in the size of a population due to 
events such as environmental disasters, habitat destruction or the hunting of a 
species to the point of extinction. Such events can result in the loss of genetic 
variation within a population, as many alleles that were present in the original 
population are lost. Consequently, the remaining population demonstrates a low 
level of genetic diversity, and can eventually become genetically distinct from the 
original population. It is therefore hypothesised that population bottlenecks can 
result in the evolution of new species (Nature Education, 2014).  
 
The population history of the dog includes two population bottlenecks; the first 
approximately 7,000 to 50,000 generations ago as a result of domestication from 
wolves, and the second approximately 50 to 100 generations ago due to intensive 
selection by humans creating hundreds of genetically isolated canine breeds which 
vary considerably in morphology, disease susceptibility and behavioural traits 
(Lindblad-Toh et al., 2005). Most breeds were created using small numbers of 
founders, with selection for traits of interest such as herding, hunting and 
obedience abilities or desired physical characteristics. The use of popular sires, 
strict breeding programmes and periodic population bottlenecks during the World 
Wars have led to the development of closed breeding populations (Lindblad-Toh et 
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al., 2005; Parker and Ostrander, 2005). The unique breeding history and 
population structure of the domestic dog has therefore resulted in extreme 
genetic and phenotypic diversity between breeds, but limited heterogeneity within 
breeds and relatively little recombination since the last bottleneck (Ostrander and 
Ruvinsky, 2012). The domestic dog is now the most phenotypically diverse 
mammalian species. There are approximately 400 breeds recognised worldwide, 
all demonstrating dramatic differences in appearance, conformation, disease 
susceptibility and reported behaviour (Parker, 2012). 
 
1.10.7.2. Pedigree Dog Breeding 
 
In recent years, pedigree dog breeding has attracted increased media and public 
interest (Higgins and Nicholas, 2008). This had led to the commission of several 
reviews on dog breeding and investigations into the relatively high prevalence of 
disease amongst purebred canine breeds: The Independent Inquiry into Dog 
Breeding (Bateson, 2010); the APGAW inquiry into the health and welfare issues 
surrounding the breeding of pedigree dogs (APGAW, 2009); and an independent 
scientific report commissioned by the Royal Society for the Prevention of Cruelty 
to Animals (RSPCA) (Rooney and Sargan, 2008). The health and welfare of pedigree 
dog breeds can be improved through the optimisation of breeding programmes 
and targeted genetic selection, in order to reduce the prevalence of inherited 
disease (Lewis et al., 2010b). Historically, breed improvement within the canine 
species has been largely based on phenotypic selection; a slow and inefficient 
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method of animal improvement (Ostrander and Ruvinsky, 2012; Taubert et al., 
2007).  
 
Successful breeding programmes require comprehensive data collection systems, 
methods of recording information for individual animals, thorough genetic 
evaluation and an effective way of implementing and monitoring the breeding 
programme (Lewis et al., 2010b). Historically, there have been very few recording 
systems in place for collection of population-wide canine health, welfare and 
performance data, and no centralised database of individual animal information 
and pedigree records (Lewis et al., 2010b). Consequently, in comparison to the 
livestock industries, the majority of dog breeders have limited access to this 
information.  
 
Over the past 30 years, the British Veterinary Association (BVA) and UK Kennel 
Club (KC) have jointly developed voluntary recording schemes for several canine 
diseases, including hip dysplasia, elbow dysplasia, several inherited eye diseases, 
Chiari malformation and syringomyelia. These recording schemes represent the 
main British canine breeding programmes with standardised data collection and a 
centralised database of information, to aid in the phenotypic selection of animals 
for breeding (British Veterinary Association, 2014; Kennel Club, 2014; Lewis et al., 
2010b).  
 
An additional requirement for a successful breeding programme is the ability to 
convince breeders and owners of its importance for the positive improvement of 
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the breed. Furthermore, breeders must be encouraged to apply sufficient selection 
pressure to health, welfare and performance traits to ensure that significant 
progress can be made (Lewis et al., 2010b). This may present a challenge in dog 
breeding, as traditionally pedigree dogs have been bred mainly for appearance and 
conformation traits, with minimal amounts of selection pressure applied to 
breeding for health and welfare traits (Lewis et al., 2010b). 
 
1.10.7.3. Genetic Evaluations and Application of EBVs to Canine Breeding 
Programmes 
 
In recent years, the increasing availability of canine pedigree records and 
phenotypic, health and performance data has enabled canine breeders to make 
use of the genetic analysis and statistical tools long employed by the livestock 
industry (Famula, 2012). EBVs have recently been calculated for several complex 
inherited canine diseases, including elbow and hip dysplasia in several dog breeds, 
and mitral valve disease and syringomyelia in Cavalier King Charles Spaniels (Lewis 
et al., 2010b,c, 2011). In addition, genetic evaluations have been reported for 
several behavioural traits including fearfulness in guide dogs (Goddard and 
Beilharz, 1985); hunting behaviour in Swedish Flat-coated Retrievers (Lindberg et 
al., 2004); aggression-related traits in Golden Retrievers (Liinamo et al., 2007), and 
seven different behavioural traits in German Shepherd Dogs (Ruefenacht et al., 
2002). 
 
Canine hip dysplasia (CHD) is a developmental orthopaedic disorder affecting the 
coxofemoral (hip) joint, in which malformation and instability of the joint leads to 
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abnormal wearing of the bone surfaces and the eventual development of 
osteoarthritis. CHD is a complex genetic disease involving both genetic and 
environmental components, and is commonly observed in larger breeds such as 
the Labrador Retriever (Fossum, 2007).  
 
Efforts have been made to reduce the prevalence of CHD through international 
recording schemes, including the voluntary BVA and KC hip scoring scheme 
established in 1984 (Gibbs, 1997) and currently operational in the UK, Ireland, 
Australia and New Zealand. The hip scoring schemes are based on phenotypic 
scoring of CHD status through radiographic examination and evaluation. This 
information is made available to breeders and dog owners, to aid in the 
phenotypic selection of animals for breeding.  
 
Several studies have reported CHD to be a moderately heritable trait, with h2 
estimates ranging from 0.20 to 0.60 (Breur et al., 2012; Leppanen et al., 2000; 
Malm et al., 2008) according to the type of phenotypic hip score used in the 
genetic analyses. Heritability ranges from 0.2 to 0.3 for hip scores based on the 
ventrodorsal, extended hip joint radiograph of the pelvis, and from 0.5 to 0.6 for 
the distraction index (measurement of hip joint laxity) and dorsolateral 
subluxation hip scoring method (Breur et al., 2012). 
 
There are varying reports on the success of phenotypic hip recording schemes and 
the international response to selection against CHD. Kaneene et al. (1997) and 
Zhang et al. (2009) reported a modest improvement in hip joint phenotypes of 
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purebred dogs in the USA. A steady genetic improvement has been reported in the 
Swedish Rottweiler and the Bernese Mountain Dog (Malm et al., 2008), and in a 
retrospective study of Labrador Retrievers in the USA over a period of four 
decades (Hou et al., 2010). A reduction in prevalence of CHD has been reported in 
some Finnish registered breeds, however an increased prevalence reported in 
others (Leppanen and Saloniemi, 1999). In the UK, a study by Willis (1997) 
reported that there was no improvement in hip joint phenotypes of five breeds 
between 1987 and 1995. A recent study of Labrador Retrievers in the UK found a 
consistent but slow genetic improvement in hip scores between 2000 and 2007, 
approximately equivalent to avoiding breeding from dogs with the worst 15% of 
scores (Lewis et al., 2010b). 
 
Overall, the rate of improvement in such joint disorders has been slower than 
desirable. The BVA and KC are now moving from phenotypic selection towards the 
use of pedigree information and the selection of animals for breeding based on 
EBVs (Lewis et al., 2010b). Many authors recommend that canine hip and elbow 
dysplasia control schemes could be improved through EBV-based selection (Ginja 
et al., 2008, 2010; Hou et al., 2010; Leppanen and Saloniemi, 1999; Lewis et al., 
2010b, 2010c, 2013; Malm et al., 2008; Smith et al., 2001; Wooliams et al., 2011; 
Zhang et al., 2009; Zhu et al., 2009). This method would increase the effectiveness 
of selection, and result in a faster rate of genetic improvement compared to 
breeding based on phenotypic selection alone. In a study of CHD in British 
Labrador Retrievers, deterministic analysis supported by simulations found that 
the use of EBVs, rather than phenotypic selection, could increase the rate of 
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genetic progress by 19% through increasing accuracy of selection, even if the 
selection intensity remains unchanged (Lewis et al., 2010b).  
 
EBV-based selection against hip and elbow dysplasia has been introduced in 
several countries including Germany, Finland, Norway, Denmark, Sweden, the 
USA, and more recently the UK (Kennel Club, 2014; Lewis et al., 2013; Malm et al., 
2008). In the USA, the Cornell University College of Veterinary Medicine has 
developed a public online database of EBVs for Labrador Retrievers, derived from 
hip scores and pedigrees (Hou et al., 2010; Ostrander and Ruvinsky, 2012). This 
data is available to assist breeders in the selection of Labrador Retrievers based on 
their genetic potential for better hip quality. In the UK, EBVs for hip and elbow 
dysplasia in the Labrador have recently been published (Lewis et al., 2013) through 
a joint scheme with the British Animal Health Trust (AHT) and KC. The EBVs are 
made publically available for all KC-registered Labradors through the online ‘Mate 
Select’ tool (Kennel Club, 2014). 
 
In addition, several service dog organisations are performing EBV-based selection 
for breeding. Tricuspid valve dysplasia is a congenital malformation of the tricuspid 
valve complex of the cardiovascular system, resulting in valvular insufficiency and 
systolic regurgitation of blood into the right atrium of the heart (Merck Veterinary 
Manual, 2016). Guide Dogs for the Blind in San Rafael, California, have developed 
selection indices in order to improve several behavioural and health-related traits, 
such as tricuspid valve dysplasia in Labrador Retrievers. Since the introduction of 
EBV-based selection against tricuspid valve dysplasia in 2008, there has been a 
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steady decline in the genetic risk of the condition in this population of service dogs 
(Famula, 2012). Within the Guiding Dogs for the Blind organisation in the USA, the 
application of hip EBVs to the selection process for breeding has also resulted in 
genetic improvement in hip conformation (Zhang et al., 2009).  
 
1.10.8. Canine Genomics  
 
The domestic dog has a total of 78 chromosomes; 38 pairs of autosomes and one 
pair of sex chromosomes (Ostrander and Ruvinsky, 2012).  
 
1.10.8.1. Sequencing of the Canine Genome 
 
The international Dog Genome Project was led by researchers at the Broad 
Institute of MIT and Harvard. As a result, the canine genome was sequenced in 
2005 from a female Boxer dog (Lindblad-Toh et al., 2005), just two years after 
completion of the Human Genome Project. The current high-quality canine 
genome has 7.5 times genome coverage and includes approximately 99% of the 
2.4 billion base pair (bp) euchromatic genome of a female Boxer dog (Karlsson and 
Lindblad-Toh, 2008; Lindblad-Toh et al., 2005). The euchromatic section of the 
canine genome is approximately 450 million bp (19%) smaller than the human 
genome (Karlsson and Lindblad-Toh, 2008; Lindblad-Toh, 2012). The assembly of 
the dog genome (CanFam1.0 and CanFam2.0) was deposited in public databases, 
and a new annotation (CanFam3.1) was produced in September 2011 by the Broad 
Institute of MIT and Harvard.   
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A Single Nucleotide Polymorphism (SNP) is a variation at a single nucleotide 
position [Adenine (A), Thymine (T), Cytosine (C) or Guanine (G)] in a DNA sequence 
between individual members of a species (Figure 1.7).  
 
Figure 1.7. Example of a Single Nucleotide Polymorphism (SNP) at two different 
nucleotide positions in a DNA sequence from two individuals. 
 
 
SNPs occur throughout the entire genome, either within coding sequences of 
genes, non-coding regions or intergenic regions. SNPs within coding regions can be 
classified as synonymous, which do not alter the encoded amino acid, or as 
nonsynonymous, which change the amino acid incorporated into the polypeptide 
(Nicholas, 2003). 
 
An extensive canine SNP map, containing 2.5 million SNPs, was developed by 
comparing the Boxer dog genome (CanFam1.0 and CanFam2.0) with the partial 
sequence of a Standard Poodle (1.5 times genome coverage) generated previously 
(Kirkness et al., 2003), and with approximately 100,000 sequence reads from each 
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of nine dog breeds, and approximately 22,000 sequence reads from each of four 
grey wolves and one coyote (Lindblad-Toh et al., 2005). This high-density SNP map 
exhibits even distribution across the canine genome and high between-breed 
polymorphism, and can therefore be used for genetic studies in any breed of dog.  
 
Several canine whole-genome SNP genotyping arrays have been produced and are 
available for genetic studies, with increasing numbers and quality of SNPs on the 
most recent releases. First-generation arrays consisted of the 22,362 SNP Illumina 
array (Illumina, San Diego, CA), the 26,578 SNP Affymetrix Canine GeneChip and 
the 49,663 SNP Affymetrix Canine GeneChip (Affymetrix, Santa Clara, CA). Two 
second-generation arrays are currently available: the 170,000 SNP Illumina 
CanineHD BeadChip (Illumina, San Diego, CA) and the 127,000 SNP Affymetrix 
Canine Genotyping Array (Affymetrix, Santa Clara, CA). 
 
1.10.9. Approaches to the Genomic Study of Complex Diseases 
 
1.10.9.1. Candidate Gene Association Studies 
 
Family-based linkage analysis studies have been successful in mapping genetically 
homogenous rare Mendelian disorders, but have been unsuccessful for mapping 
heterogenous complex human traits (Altmuler et al., 2001). Population-based 
genetic association studies were first carried out in the late 1990s, based on the 
idea that common genetic variants may underlie many common traits or diseases 
(Zondervan, 2011). Candidate gene association studies investigate associations 
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between the genetic variation occurring within a pre-determined specific gene or 
locus of interest and a particular phenotype, using case-control designs to identify 
polymorphisms, such as SNPs, within candidate genes (Teare, 2011). The candidate 
genes are usually selected for study based on prior knowledge or biological 
hypotheses of a gene’s involvement in particular biological pathways likely to be 
involved in the phenotype. This type of study is more suitable than linkage 
mapping for detecting genes underlying more common and complex diseases, 
where the risk associated with any given gene is relatively small. Candidate gene 
studies are often biased, however, and limited to small regions of genes that have 
been previously linked with the phenotype.  
 
1.10.9.2. Genome-Wide Association Studies (GWAS) 
 
Genome-Wide Association Studies (GWAS) use an unbiased hypothesis-free 
approach to investigate genetic variations associated with a particular phenotype, 
by examining known SNPs across the entire genome in a case-control study design. 
Genotypes of affected (case) and unaffected (control) individuals are compared, in 
order to detect differences in the DNA sequence and therefore identify regions of 
chromosomes that may be associated with the trait of interest. GWAS are 
particularly useful for detecting genetic variations that contribute to common, 
complex diseases, and have become the method of choice for such studies (Iles, 
2011).  
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In humans, GWAS have been shown to be an effective and comprehensive 
approach for identifying genetic variations associated with many complex diseases 
(Wellcome Trust Case Control Consortium, 2007). The sequencing of the canine 
genome, development of an extensive SNP map and production of whole-genome 
SNP genotyping arrays have recently enabled the use of GWAS to investigate 
polymorphisms associated with disease in many breeds of dog (Baird et al., 2014; 
French et al., 2012; Massey et al., 2014; Tsai et al., 2012; Wood et al., 2009; Zhao 
et al., 2013). 
 
  
1.11. Greyhound Breeding 
 
1.11.1. The Greyhound Breeding Industry 
 
First published in 1882, the British Greyhound Stud Book is the official registry of 
Greyhounds bred in the UK, and also registers litters, matings, stud dogs, breeders, 
owners and syndicates (Greyhound Stud Book and National Coursing Club, 2014). 
Unlike many other canine breeds, the Greyhound has been relatively unaffected 
by artificial selection based on appearance, as selection for breeding is still mainly 
based on race performance and speed (Davis, 1967).  
 
Large numbers of Greyhounds are bred to supply the British racing industry. Given 
the relatively short racing career of a Greyhound of approximately two to four 
years, there is a high turnover of dogs. An estimated 10,000 to 11,000 Greyhounds 
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enter and leave the licensed sector each year, with an additional 3,000 to 4,000 
racing on Independent tracks (Donoughue, 2007). The reports of the APGAW 
inquiry into the Welfare of Racing Greyhounds in the UK (APGAW, 2007) and 
Independent review commissioned by the British Greyhound Industry 
(Donoughue, 2007) both highlighted that the Greyhound Industry produces a 
surplus of unwanted young dogs that do not make the grade to race competitively. 
 
Racing Greyhounds are currently produced by both commercial suppliers and 
through smaller-scale breeding by owners and trainers. Ireland has a very 
successful Greyhound industry and breeds over 20,000 Greyhounds per year; a 
large number of which are used to supply the British racing industry (APGAW, 
2007; Donoughue, 2007). In 2006, there were 608 Greyhound litters registered 
with the British Greyhound Stud Book, compared to 4,481 litters registered in 
Ireland with the Irish Greyhound Stud Book (APGAW, 2007). As the average litter 
size for Greyhounds is between six and seven puppies (Genders, 1975; Lennox, 
1987), this suggests that in 2006, approximately 4,256 Greyhounds were bred in 
the UK and 31,367 were bred in Ireland (APGAW, 2007). During recent years, over 
8,000 Greyhounds were imported annually from Ireland to the UK (Donoughue, 
2007). Overall, approximately 75% of Greyhounds that race in the UK were 
originally bred in Ireland, with the remaining 25% bred in Britain (APGAW, 2007).  
 
Commercial dog breeders in the UK are licensed and inspected under the Breeding 
and Sale of Dogs (Welfare) Act 1999. Currently, however, there is no 
comprehensive monitoring or licensed regulation of Greyhound breeding, no 
87 
 
regulatory inspection of breeding kennels, and little enforcement of the Breeding 
and Sale of Dogs (Welfare) Act 1999 by the British Greyhound industry 
(Donoughue, 2007). Since the early 1990s, the use of artificial insemination (AI) to 
produce racing Greyhounds has become more prevalent worldwide. By 2003, 86% 
of the National Greyhound Association-registered dogs born in the USA were 
produced using AI (Turner, 2010). Greyhound semen can be collected, stored and 
transported for AI worldwide, therefore removing the requirement for the sire and 
dam to be present at the same location. Furthermore, long-term storage of frozen 
semen enables a Greyhound sire to continue to produce offspring long after their 
death. In comparison to natural mating, the use of AI considerably increases the 
potential genetic contribution of an individual sire to the racing Greyhound 
population. 
 
Popular Greyhound sires are often used intensively for breeding. 'Top Honcho', for 
example, was born in Australia in 1993 and is one of the most highly regarded 
Greyhound sires worldwide, producing a total of 10,462 offspring to date 
(Greyhound-Data, 2016). In a study of 42,880 Irish Greyhounds over a four-year 
period from 2000-2003, Taubert et al. (2007) found that 43.7% of the total number 
of offspring in the study population had descended from just 18 Greyhound sires 
used extensively for breeding, each with over 500 progeny. The total number of 
active Greyhound sires within the racing industry is, to date: 272 in Ireland, 123 in 
the UK, 380 in Australia and New Zealand, 135 in the USA, and 158 in other 
countries worldwide (Greyhound-Data, 2016). 
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For centuries, Greyhounds have been subjected to intense selective breeding in an 
attempt to produce faster and better-performing dogs (Denny, 2008). Over the 
past 50 to 60 years, modern methods of genetic evaluation have transformed 
breed improvement programmes for many domestic species. The selection of 
Greyhounds for breeding, however, is currently based on their own or their 
relative’s phenotypic (observed) racing performance; a slow and inefficient 
method of animal improvement (Taubert et al., 2007). This traditional approach to 
breeding usually involves selection of dogs, or relatives of dogs, that have 
performed well in terms of racing speed or number of races won. The most highly 
regarded Greyhound sires and dams have commonly achieved success at high 
profile race events involving large amounts of prize money (Amphlett, 1993; 
Clarke, 1980; Genders, 1975). The genetic merit of the Greyhound sire or dam, 
however, is rarely considered. 
 
Furthermore, it is common practice in the Greyhound industry to breed from dogs 
that have been retired at a young age due to serious injury and are no longer able 
to race, therefore maintaining the dog's economic purpose (Genders, 1975). In this 
case, the selection of the dog for breeding is largely based on circumstances rather 
than targeted selection based on genetic merit. In addition, the frequent use of 
retired injured Greyhounds for breeding purposes within the industry may actually 
be selecting for weaker and more injury-susceptible dogs in the next generation.    
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1.11.2. Genetic Analysis of Racing Performance in the Greyhound 
 
Greyhound running speed, or race time as a direct measure of speed, is a complex 
quantitative performance trait affected by both genetic and non-genetic 
(environmental) factors. In contrast to other animal groups, there are only three 
reported genetic studies investigating racing performance of the Greyhound 
(Desgorces et al., 2012; Ryan, 1975; Taubert et al., 2007). Two of these studies 
analysed the performance of Greyhounds racing in Ireland. Importantly, there 
have been no previous genetic studies investigating the race performance of 
British Greyhounds. 
 
Ryan (1975) investigated the inheritance of track performance in Irish Greyhounds 
and calculated genetic parameters for the trait ‘Racing Time’. Greyhound EBVs, 
however, were not calculated. A later study by Taubert et al. (2007) investigated 
genetic and environmental variation in race performance data of 42,880 Irish 
Greyhounds, racing over a distance of 480 m. The data consisted of 239,829 
performance results for 42,785 flat races at 20 different race tracks in Ireland, over 
a four-year period from 2000 to 2003. The performance traits 'Racing Time' (the 
time in seconds for a Greyhound to complete a race over a distance of 480 m), 
'Adjusted Racing Time' (a scaled logarithmic function for Racing Time, used to 
adjust Racing Time to be normally distributed) and 'Ranking' (the finish position of 
a Greyhound in a race) were investigated. Taubert et al. (2007) reported moderate 
heritabilities of 0.31 and 0.38 for the performance traits Racing Time and Adjusted 
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Racing Time, respectively, and a low h2 of 0.10 for Ranking. Meissen (1997) 
reported similar results in a study of racing performance of Whippets, where as 
Ryan (1975) reported a slightly lower h2 of 0.23 for Racing Time in Irish 
Greyhounds over a 480 m race distance. In a further genetic study of racing 
Greyhounds, Desgorces et al. (2012) compared the running speeds of the 10 best 
performing Greyhounds worldwide (2007-2009) with the individual best 
performance of their male ancestors over seven generations, and reported a low 
h2 of 0.18 (p = 0.08) for the trait ‘Running Speed’ (Table 1.3). 
 
Taubert et al. (2007) calculated EBVs for each Greyhound in their data set, and 
reported EBVs ranging from 0.62 to -0.78 (SD 0.15) for the performance trait 
Racing Time, and from 1.05 to -1.30 (SD 0.25) for the performance trait Ranking. 
Interestingly, for the trait Racing Time, there was considerable variation in EBVs 
(0.45 to -0.01) between the 10 Greyhound sires with the highest number of 
offspring (851 to 2,031 progeny). Consequently, the 10 Greyhound sires used most 
intensively for breeding in Ireland were not the dogs with the best EBVs, and only 
one of the 10 dogs with the highest number of offspring had an EBV among the 
top 30 evaluated Greyhounds. The dog with the eighth highest number of 
offspring (991 progeny) actually had a negative (less favourable) EBV of -0.01. 
 
Taubert et al. (2007) found a positive phenotypic and genetic trend in Racing Time 
of Irish Greyhounds over the years 2000 to 2003, with a phenotypic improvement 
of approximately 0.125 seconds per year and a genetic improvement of 
approximately 0.03 seconds per year. While this indicates that the current system 
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of selection for breeding based on phenotypic race performance is effective, as 
Racing Time is a moderately heritable trait, the study demonstrates that the 
genetic potential of the Irish Greyhound population is not being used at a 
maximum. Importantly, the authors conclude that EBV-based selection of racing 
Greyhounds for breeding would be considerably more efficient. 
 
The targeted genetic selection of racing Greyhounds would therefore result in a 
greater and faster rate of genetic improvement within the population, compared 
to breeding based on phenotypic selection alone. Furthermore, selection based on 
EBVs would considerably increase the efficiency of racing Greyhound production. 
This would potentially bring economic benefits to the entire Greyhound industry, 
including breeders, owners, trainers, and rehoming and rescue organisations. 
Importantly, the use of targeted genetic selection based on EBVs may improve 
Greyhound welfare by enabling breeders to produce Greyhounds of predictable 
and superior genetic merit, therefore considerably reducing the over-breeding and 
wastage of young dogs in the industry. A reduction in the quantity of 'unwanted' 
dogs produced would subsequently reduce numbers requiring rehoming, and 
would therefore decrease the current strain on rehoming charities and rescue 
organisations. As a result, this may reduce the potentially large numbers of young 
Greyhounds that are euthanased each year simply because they do not make the 
grade to race.   
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1.12. Measures of Stress in Canine Athletes 
 
1.12.1. Physiological Effects of Intense Exercise in the Racing Greyhound 
 
Greyhounds exhibit unique physiological characteristics and adaptations as racing 
sighthounds, including higher resting haematocrit, haemoglobin concentration and 
red blood cell counts, and lower leukocyte and platelet counts, compared to other 
canine breeds (Campora et al., 2011; Zaldivar-Lopez et al., 2011). 
 
Haematology and biochemistry parameters can be used to assess health and 
fitness in canine athletes, and to monitor the physical stress that occurs during 
exercise (Rovira et al., 2007). Racing Greyhounds typically take part in short-
duration intense exercise activity, competing over race distances of 235 m to 800 
m, with maximum speeds of 18 m/s (Dobson et al., 1988). Such activity has been 
found to cause extreme changes in many physiological variables in racing 
Greyhounds, including haematologic, biochemical, blood gas and acid base values. 
This often results in fluid, electrolyte and packed cell volume shifts and mild 
hyperglycaemia post-racing (Dobson et al., 1988; Ilkiw et al., 1989; Nold et al., 
1991; Rose and Bloomberg, 1989; Snow et al., 1988; Toll et al., 1995). Sprinting has 
been associated with muscle damage in Greyhounds, with increases in plasma 
muscle enzyme activities (creatine kinase [CK], aspartate aminotransferase [AST] 
and lactate dehydrogenase [LDH]) post-exercise, that persist for three hours after 
racing (Ilkiw et al., 1989). Plasma and whole blood haematocrit, arterial pH and 
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concentrations of potassium [K+], total protein and lactate, were found to change 
significantly with increasing race length and exercise duration (Nold et al., 1991). 
 
1.12.2. Cortisol as a Measure of Stress 
 
Environmental stimuli that result in an imbalance of homeostasis are often 
referred to as 'stressors', and the subsequent physiological reaction of the animal 
as a 'stress response' (Mostl and Palme, 2002). Various endocrine activities, in 
particular the release of glucocorticoid and catecholamine hormones, are involved 
in the stress response. Cortisol is a glucocorticoid hormone secreted by the 
adrenal gland due to activation of the hypothalamic-pituitary-adrenal (HPA) axis, in 
response to external and internal stimuli (Matteri et al., 2000; Mostl and Palme, 
2002). The production, metabolism and excretion of cortisol is summarised in 
Figure 1.8. 
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Figure 1.8. Diagram of the secretion, metabolism and excretion of cortisol. Adapted 
from Mostl and Palme (2002). 
 
 
Glucocorticoids act on various target tissues and organs to maintain homeostasis, 
and are involved in gluconeogenesis by stimulating the liver to convert fat and 
protein to glucose for energy. Glucocorticoids also potentiate the synthesis of 
epinephrine (adrenaline), a catecholamine hormone secreted by the adrenal gland 
during the stress response. Adrenaline stimulates gluconeogenesis and lipolysis, 
enabling mobilisation of stores for the ‘flight or fight’ response. An increase in 
glucocorticoids inhibits further HPA response to stress through a negative 
feedback mechanism, in order to maintain homeostasis (Matteri et al., 2000).  
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Acute endocrine responses to stress have important adaptive functions and are 
essential for coping and survival (Matteri et al., 2000). The term 'stress' often 
implies a negative experience. As a physiological mechanism, however, stress in 
animals may be considered as positive, for example due to excitement and 
increased levels of arousal resulting in adaptive responses such as increased 
alertness and preparation for activity (Pastore et al., 2011). During short-term 
stress, secretion of glucocorticoids improves fitness through energy mobilisation 
(Raynaert et al., 1976). Glucocorticoids are also released during animal courtship, 
copulation and hunting (Broom and Johnson, 1993). Long-term stressors and 
chronic elevation of glucocorticoids, however, may result in protein catabolism, 
hyperglycaemia, immunosuppression and reduced reproductive performance 
(Dobson and Smith, 1995; Matteri et al., 2000; Mostl and Palme, 2002).  
 
Cortisol is a frequently used measure of physiological stress in most mammals, 
including humans (Stawski et al., 2013), dogs (Beerda et al., 1996, 1998; Hekman 
et al., 2012; Kobelt et al., 2003; Pastore et al., 2011), horses (Fazio et al., 2008a,b, 
2013; Schmidt et al., 2010a,b,c,d), sheep (Hargreaves and Hutson, 1990), cattle 
and pigs (Von Borell et al., 2007). Cortisol is commonly used as a marker for 
assessment of canine welfare (Menor-Campos et al., 2011), reaction to stress 
challenges (Bergeron et al., 2002) and human-animal interaction studies 
(Bergamasco et al., 2010; Jones and Josephs, 2006), and has been shown to be a 
useful measure of acute and chronic physiological and psychological stress in dogs. 
The use of cortisol as a measure of stress in racing Greyhounds, however, has not 
previously been reported. 
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1.12.3. Additional Measures of Stress 
 
The autonomic nervous system functions to maintain homeostasis through its 
control of visceral organs and glandular secretions. There are two branches of the 
autonomic nervous system, the sympathetic and parasympathetic, which work 
together (usually antagonistically) to maintain homeostasis (Uemura, 2015). 
During an animal's 'fight or flight' response (Cannon, 1929) to stressful stimuli, 
stimulation of the sympathetic division results in increased heart rate (HR), blood 
pressure, body temperature and gastrointestinal activity (Kay and Hall, 2009; 
Moberg, 2000; Uemura, 2015). HR and HR variability (short-term fluctuations in 
HR) are commonly used as measures of stress in horses (Becker-Birck et al., 2013; 
Kay and Hall, 2009; Lewinski et al., 2013; Schmidt et al., 2010a,b,c,d) and dogs 
(Bergeron et al., 2002), but have not previously been reported in the racing 
Greyhound.  
 
Additional measures of stress include monitoring of immunological changes and 
susceptibility to disease (Moberg, 2000), as well as an animal's behavioural 
response to a stressor (Bergeron et al., 2002; Hekman et al., 2012; Kay and Hall, 
2009; Menor-Campos et al., 2011; Ottenheimer Carrier et al., 2013; Pastore et al., 
2011).  
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1.13  Summary 
 
In summary, there is an urgent need within the Greyhound industry to reduce the 
overproduction and wastage of young dogs that do not make the grade to race. The 
use of scientific methods of genetic analysis, calculation of EBVs and their 
application to animal breeding programmes have been very successful in improving 
health, welfare and performance traits in livestock species, sports horses and guide 
dogs (Bourdon, 2014; Famula, 2012; Simm, 1998). In contrast to other animal 
groups, there are only three reported genetic studies investigating racing 
performance of the Greyhound (Desgorces et al., 2012; Ryan, 1975; Taubert et al., 
2007), and there have been no previous genetic studies of British Greyhounds. This 
thesis presents the first investigation of environmental and genetic variation in the 
racing performance of British Greyhounds, estimation of heritabilities for several 
economically-important performance traits and calculation of EBVs for individual 
dogs. In the only previous study to calculate EBVs for racing Greyhounds, Taubert et 
al. (2007) examined 239,829 performance records of 42,880 Irish Greyhounds over 
a four-year period from 2000 to 2003, and two generations of pedigree data for 
each dog. In the largest genetic study of racing Greyhounds worldwide, this thesis 
examines 1,711,489 performance records of 50,452 British Greyhounds over a 
longer five-year period from 2008 to 2012, and six generations of pedigree data for 
each dog. EBVs are calculated for the performance traits race time, speed and rank 
finish position, enabling individuals to be ranked in order of their additive genetic 
merit.  
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In addition, Greyhounds are prone to specific musculoskeletal injuries during their 
racing career, and stress fractures of the distal limb are common (Gannon, 1972; 
Prole, 1976; Sicard et al., 1999). Stress fracture is thought to be a multifactorial 
multigenic disorder resulting from a combination of environmental and genetic 
components (Yanovich et al., 2012). A number of risk factors have been identified in 
the development of stress fractures in human athletes and military recruits 
(Chatzipapas et al., 2009; Friedl et al., 1992; Giladi et al., 1986; Givon et al., 2000; 
Jones et al., 2002; McClung and Karl, 2010; Milgrom et al., 1985; Singer et al., 
1990). Investigation of genetic factors involved in the pathogenesis of stress 
fracture in the racing Greyhound, however, has not previously been reported. 
Following sequencing of the canine genome and the production of canine whole-
genome SNP genotyping arrays, GWA studies have been used to investigate 
polymorphisms associated with disease in many breeds of dog (Baird et al., 2014; 
French et al., 2012; Massey et al., 2014; Tsai et al., 2012; Wood et al., 2009; Zhao et 
al., 2013). This thesis presents the first investigation of genetic factors that may 
predispose racing Greyhounds to developing stress fracture injuries, by performing 
a case-control GWA study to identify potentially associated SNPs. 
 
The final study in this thesis investigates pre- and post-race salivary cortisol 
concentration and HR as measures of stress in British Greyhounds. Cortisol is a 
glucocorticoid hormone secreted due to activation of the HPA axis in response to 
external and internal stimuli (Matteri et al., 2000; Mostl and Palme, 2002). Cortisol 
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is frequently used as a measure of canine stress (Beerda et al., 1996, 1998; 
Hekman et al., 2012; Kobelt et al., 2003; Pastore et al., 2011), yet has not 
previously been examined in the racing Greyhound.  
 
In a multifactorial approach using a combination of quantitative and molecular 
genetics techniques, in addition to physiological measures of stress, this thesis 
investigates environmental and genetic factors associated with a number of 
complex traits important to Greyhound welfare.  
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1.14  Aims of the Thesis 
 
The aims of the thesis were: 
 
• To create a race performance and pedigree database for GBGB-licensed 
Greyhounds in the UK, in order to investigate the effects of genetic and 
environmental factors on the variation of race performance in British 
Greyhounds. 
• To calculate variance components, estimated heritabilities and 
repeatabilities for a number of important performance traits within the 
Greyhound industry. 
• To calculate EBVs for British Greyhounds for a number of industry-important 
performance traits, enabling individuals to be ranked in order of their 
additive genetic merit. 
• To establish a DNA archive for British racing Greyhounds for use in future 
genetic research. 
• To perform a discovery case-control GWA-study using SNP genotyping to 
investigate genetic factors involved in the pathogenesis of stress fracture 
injuries of the Greyhound distal limb. 
• To investigate salivary cortisol and heart rate indicators of stress in the 
racing Greyhound, pre- and post-race.  
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General Materials and Methods 
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2. General Materials and Methods 
 
2.1. British Racing Greyhound Pedigree and Performance Database 
 
2.1.1. Data Collection and Creation of a Pedigree and Performance 
Database for British Racing Greyhounds 
 
The GBGB publishes all race results for licensed Greyhound races in the UK on their 
website (Greyhound Board of Great Britain, 2009). Pedigree information, however, 
is limited to the sire and dam of the Greyhound only. Greyhound-Data (2014) is an 
international online network of Greyhound owners, trainers and breeders, 
publishing all available data on race results and statistics for Greyhounds and race 
tracks worldwide. Information held on the Greyhound-Data website is updated on 
a daily basis. Comprehensive maternal and paternal pedigree data for the past 400 
years are published for each Greyhound, in addition to breeding information and 
statistics. 
 
The GBGB declined a request to provide data sets for use in the present study, 
stating that their Greyhound form database is managed by an external company. 
The GBGB did, however, provide the author with a list of all licensed racing 
Greyhounds currently registered with the GBGB, to enable the manual collection 
of data. Information published on the GBGB website (2014) is available for non-
commercial use.  
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In addition, written requests to the online resource Greyhound-Data to provide 
data sets for use in the present study received no response. Consequently, all of 
the raw data was collected manually using the publicly available information 
produced by Greyhound-Data (2014). At the time of data collection, this data was 
freely available for non-commercial use. 
 
Microsoft Office Excel (Microsoft Corporation, 2007b), with custom software 
written using standard Visual Basic for Applications (G. J. Dockerty, Structural 
Response Limited, Manchester, 2012), was used to capture and record web page 
information on Greyhound-Data (2014). This data consisted of phenotypic, 
pedigree and race performance raw data for each individual Greyhound competing 
in all races that took place at GBGB-licensed Greyhound tracks in the UK, during a 
five-year period from 1st January 2008 to 31st December 2012. The software is 
highly customised and requires frequent modification to accommodate changing 
online formats. It is therefore unavailable for external use. 
 
The Greyhound-Data website (2014) records details of race event information for 
all GBGB track events held in the UK. A filter was applied to display race event data 
over the specified time period of 1st January 2008 to 31st December 2012. An 
example of race event information displayed on Greyhound-Data for the year 2008 
is displayed in Figure 2.1. 
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Figure 2.1. An example of UK Greyhound race event information displayed on the Greyhound-Data website for the year 2008 
(Greyhound-Data, 2014). 
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The custom software was used to capture the race event information on 
Greyhound-Data (2014), display this data on Excel spreadsheets and record it locally 
to disk as a hypertext mark-up language (html) file. Event files were stored in 
folders categorised by year and month. A total of 3,230 race event files were 
recorded, with each event file consisting of approximately 100 race event records.  
 
The contents of each race event html file generated were then interrogated by the 
custom software in order to display Greyhound-Data (2014) website information 
about a particular race, as displayed in Figure 2.2.  
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Figure 2.2. An example of information displayed on the Greyhound-Data (2014) website for a particular Greyhound race event in the UK. 
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A total of 318,192 race result files were generated and recorded locally on disk as 
html files, and were stored categorised by year, month and stadium. The custom 
software then populated a Microsoft Access 2007 (Microsoft Corporation, 2007a) 
database with the raw data. In total, 1,882,658 race performance records for 
52,826 individual Greyhounds were obtained.  
 
Similarly, the pedigree information published by Greyhound-Data (2014) was 
interrogated to determine the ancestry of each dog. The custom software was 
used to interrogate the race result files and extract the unique identification 
number (GHDataID) allocated by Greyhound-Data for each dog. This identification 
number was used to display the Greyhound-Data (2014) website phenotypic and 
pedigree information recorded for the particular dog, as displayed in Figure 2.3. 
The custom software then captured the information and populated the Microsoft 
Access 2007 (Microsoft Corporation, 2007a) database with the data. 
 
Six generations of maternal and paternal pedigree data were collected from the 
Greyhound-Data resource, for each of the 52,826 individual Greyhounds in the 
data set. Pedigree data consisted of sire and dam racing names and years of birth, 
providing an overall data set of 73,346 racing Greyhounds with known familial 
relationships between individuals. The structure of a six-generation pedigree is 
displayed in Figure 2.4. 
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Figure 2.3. An example of phenotypic data and pedigree information displayed on the Greyhound-Data (2014) website for an individual 
Greyhound.
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Figure 2.4. Structure of a canine pedigree over six generations (Gen. I to Gen. VI). 
Males (sires) = blue; females (dams) = pink. Drawing of Greyhound adapted from www.edwardsart.net, 2014.
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The raw phenotypic, pedigree and race performance data were collated into the 
Microsoft Access database using five relational tables. 
 
2.1.1.1. Dog Data Table 
 
The phenotypic 'Dog Data' table consisted of: GreyhoundID, a unique identification 
number assigned to each dog (1 - 73,346); Name, the official racing name of the 
Greyhound; Sex, the sex of the dog (M = male, F = female); SexCode, integer 
relating to sex of the dog (1 = male, 2 = female); DOB, the Greyhound's date of 
birth; Colour, coat colour of the dog (data was extracted for completeness but was 
not used in the analysis); GHDataID, a unique identification number for each dog, 
allocated by Greyhound-Data (-1,699,691 to 1,958,364); Duplicate, a duplicate 
field indicating where the software had recorded an individual dog as two or more 
different dogs. This may occur due to a slight difference in the spelling of a dog's 
name between race results, or a change in the Greyhound's racing name during its 
career, although the unique GHDataID identifies it as the same dog. A total of 153 
duplicate records were identified and flagged by manually changing the GHDataID 
to a negative value, for example GHDataID 123456 becomes -123456. In addition, 
the Dog Data table contained the variable Link, a hyperlink to the dog's pedigree 
chart on the Greyhound-Data website to enable checking of data. An example of 
information contained in the Dog Data table is displayed in Figure 2.5. 
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Figure 2.5. An example of information displayed in the Dog Data table of the Microsoft Access Database. 
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2.1.1.2. Pedigree Data Table 
 
The table 'Pedigree Data' consisted of: GreyhoundID, as previously defined; SireID, 
which is the GreyhoundID of the individual's sire (1 - 73,346); and DamID, which is 
the GreyhoundID of the individual's dam (1 - 73,346). An example of information 
contained in the Pedigree Data table is displayed in Figure 2.6. 
 
 
Figure 2.6. An example of information displayed in the Pedigree Data table of the 
Microsoft Access Database. 
 
 
2.1.1.3. Performance Data Table 
 
The table 'Performance Data' consisted of: ID, a unique identification number for 
the table's primary key (1 - 1,882,658); RaceID, the unique race identification 
number allocated by Greyhound-Data (-3,327,215 to 3,331,319); DogName, the 
official racing name of the Greyhound; GHDataID, as previously defined; 
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RacingAge, the age of the dog in months at the time of the race (see Chapter 
2.1.3.1); Position, the race finish position (1-6); Rank, the adjusted race finish 
position (1-6) according to number of dogs in the race (see Chapter 2.1.3.5); 
RootRank, the square root of Rank; STime, the Greyhound's split time, which is the 
time taken in seconds for the Greyhound to reach the finish line for the first time 
during the race; Time, the Greyhound's race finish time in seconds; Dist, the 
approximate finish position (in lengths) relative to the winner; Speed, the average 
speed (m/s) of the dog during the race (see Chapter 2.1.3.4); TrapNo, starting trap 
number (0 - 6); Posts, the position (rank) of the dog at each corner of the track 
during the race (1 - 6); SP, racing odds for the dog at the start of the race; and 
Comments, written running remarks regarding the progress and performance of 
the dog during the race, recorded by officials at the race track. Frequently used 
Greyhound running remarks and their definitions are displayed in Table 2.1.  
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Running Remarks Definition 
Ald Always led 
Bmp Bumped 
Brk Break 
BrtDwn Brought down 
Ck Checked 
Chl Challenged 
Clr Clear 
CmAg Came again 
Crmp Cramped 
Crd Crowded 
DNF Did not finish 
EP Early pace 
EvCh Every chance 
FinWll Finished well 
GngWll Going well 
HldOn Held on 
jp Jumped 
KO Knocked over 
Lm Lame 
Lse Loose 
Mid Middle 
msd Missed 
NrLn Near line 
Outp Outpaced 
QAw Quick away 
Rls Rails 
RnIn Run in 
RnOn Ran on 
RnUp Runner up 
SAw Slow away 
SH Short head 
SnLd Soon led 
Stt Start 
Styd Stayed 
Str Strong(ly) 
Swvd Swerved 
th'out Throughout 
Tbl Trouble 
W Wide 
 
Table 2.1. Commonly used Greyhound running remarks recorded by officials at the 
race track regarding the progress and performance of the dog during the race, 
along with their definitions (Greyhound Racing Association Limited, 2014). 
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For example, written running remarks of 'Bmp1Crd4,Mid' indicate that the 
Greyhound bumped into another dog at the first bend, experienced crowding with 
other dogs at the fourth bend, and that it ran in the middle of the track during the 
race. Running remarks of 'RlsMid,EP,Ld1' indicate that that Greyhound ran 
between the rails and the middle of the track, started the race well in terms of 
speed, and was the leading dog at the first bend. 
 
Data for STime, Dist, Posts, SP and Comments were extracted for completeness but 
were not used in the analysis. An example of information contained in the 
Performance Data table is displayed in Figure 2.7. 
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Figure 2.7. An example of information displayed in the Performance Data table of the Microsoft Access Database. 
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2.1.1.4. Race Data Table 
 
The table 'Race Data' contained details of each individual race event, consisting of: 
ID, the identification primary key and unique identification number for each race 
event (1 - 319,219); RaceID, as previously defined; StadiumID, the unique 
identification number of the stadium (1 - 77); RaceDate, the date of the race; 
RaceTime, the time that the race took place; HeatNo, the heat number (order) of 
the race during the race meeting; RaceType, the type of race (flat, hurdles, 
handicap, trial); RaceTypeID, field not used; Grade, the classification grade of the 
race; GradeID, field not used; Dist, the race distance in metres (220 to 1,080 m); 
NoDogs, the number of dogs taking part in the race (1 - 6); and Link, a hyperlink to 
the race results displayed on Greyhound-Data, to enable checking of data. An 
example of information contained in the Race Data table is displayed in Figure 2.8. 
 
2.1.1.5. Stadium Data Table 
 
The table 'Stadium Data' contained: ID, the unique identification number of the 
stadium (equivalent to the StadiumID previously defined); and Stadium, the name 
of the stadium. An example of information contained in the Stadium Data table is 
displayed in Figure 2.9. 
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Figure 2.8. An example of information displayed in the Race Data table of the Microsoft Access Database. 
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Figure 2.9. An example of information displayed in the Stadium Data table of the 
Microsoft Access Database. 
 
 
2.1.1.6. Relationships Between the Five Tables 
 
The five relational tables of the database are illustrated in Figure 2.10. The 
phenotypic data table and pedigree data table were linked through the common 
DogID assigned to each Greyhound. The performance data table linked to records 
contained in the race data table through the RaceID assigned to each race event. 
Records contained in the performance data table were linked to the phenotypic 
data table through the GHDataID assigned to each dog. The race data table and 
stadium data table were linked through the common StadiumID assigned to each 
race track. 
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Figure 2.10. Illustration of the five relational tables, Dog Data, Pedigree Data, Performance Data, Race Data and Stadium Data, in 
the Microsoft Access database. Variables are each defined in Chapters 2.1.1.1 to 2.1.1.5.
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2.1.2. Data Cleaning and Quality Control  
2.1.2.1. Data Checking 
 
The phenotypic, performance and pedigree raw data were cross-checked and 
cleaned for quality control purposes prior to analysis. With the exception of 
Comments, all non-numerical data were converted to numeric values by recoding, 
in order to facilitate analysis. Any missing pedigree or phenotypic data were 
assigned a value of zero, and missing performance data were assigned a value of  
-99.  
 
In order to check the accuracy of data obtained using the custom software, the 
data was cross-checked with a smaller quantity of manually collected data from 
the Greyhound-Data (2014) website. A total of 507,164 race performance records 
(27% of software-collected data set) for 10,839 individual Greyhounds (21% of 
software-collected data set) were collected manually by the author from 
Greyhound-Data (2014), for races taking place during the five-year period from 1st 
January 2008 to 31st December 2012. The performance data was collated into 
Microsoft Excel (Microsoft Corporation, 2007b) spreadsheets along with 
phenotypic and pedigree information for each dog, as previously defined in 
Chapters 2.1.1.1 to 2.1.1.6. A comparison of the software-collected data and 
manually-collected data identified no discrepancies.   
 
Additionally, a proportion of the data obtained from Greyhound-Data (2014) was 
cross-checked with data published by the GBGB (2014) on their website. One race 
122 
 
was selected on an ad hoc basis for each month during the five-year study period, 
providing a total of 60 races and 360 Greyhounds for data checking. For each of 
these races and each individual dog, the race event data, performance records, 
phenotypic and pedigree data were compared by manually cross-checking data 
published by Greyhound-Data (2014) and the GBGB (2014). No discrepancies were 
identified between the two sources of data. 
 
Several utility Visual Basic for Applications programs were written in Microsoft 
Access (G. J. Dockerty, Structural Response Limited, Manchester, 2012) to facilitate 
data checking and maintenance of the database tables. Modules 
'Check_Dog_Table' (Appendix 2a) and 'Check_Pedigree_Table' (Appendix 2b) 
contained subroutines which checked the Performance Data table against the 
Phenotypic Data table, and the Phenotypic Data table against the Pedigree Data 
table, respectively, to determine whether corresponding GreyhoundID numbers 
were present. Module 'Check_Performance_ID' (Appendix 2c) checked the 
Performance Data table against the Race Data table, to ensure they both 
contained corresponding values for RaceID. Any discrepancies were identified and 
subsequently investigated and corrected. In the event that an inconsistency in the 
data could not be corrected or verified, the data was given a negative value and 
excluded from further analysis.  
 
A 'Check_Pedigree_Data' query (Appendix 3) was performed in Microsoft Access, 
to cross-check records in the Pedigree Data table and Phenotypic Data table and 
determine whether any errors in dates of birth were present. It was important for 
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later analysis stages that a Sire or Dam in the pedigree file was not listed as having 
a birth year after that of its offspring. Running the 'Check_Pedigree_Data' query 
identified errors in recorded birth year for several Greyhounds in the data set. 
Subsequent investigation of individual dog information on Greyhound-Data 
enabled these errors to be corrected. A small number of Sires and Dams with an 
unknown date of birth were assigned a random historical birth year to ensure that 
all offspring receive a birth year after their parents, as the exact parental year of 
birth is not required for the genetic analysis. Running the query for a second time 
found no further errors in the pedigree data. 
 
2.1.2.2. Greyhound Stadium (StadiumID) 
 
The majority of Greyhound performance raw data consisted of race results for the 
26 GBGB-licensed race tracks in operation in the UK during the period of data 
collection. The data set, however, also contained performance data for an 
additional 51 Independent (non-GBGB) British tracks and international Greyhound 
stadiums. British racing Greyhounds commonly start their racing career in Ireland 
before transferring to the UK. Consequently, British Greyhounds frequently 
possess a number of historical race performance results for races that took place 
in Ireland, or another country of origin. Rules of racing and the format of racing 
varies between different countries and regulatory bodies. Furthermore, there is no 
central regulatory body for the Independent sector of the British Greyhound racing 
industry. Consequently, there is variation in racing rules and regulation between 
Independent tracks in the UK. Data from Independent British tracks and 
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international Greyhound stadiums were therefore excluded from further analysis, 
leaving only performance data from the 26 GBGB-licensed British race tracks in 
operation during the period of data collection (2008 to 2012). 
 
2.1.2.3. Number of Dogs in the Race (Ndogs) 
 
The majority of Greyhound races on GBGB tracks consist of five or six dogs. All 
races with records of less than four competing Greyhounds were excluded from 
the data set. 
 
2.1.2.4. Type of Race (RaceType) 
 
To ensure only flat races starting from a level-break ('scratch races') were included 
in the analysis, all trials, races over hurdles and handicap races were excluded from 
the data set.  
 
2.1.2.5. Race Finish Position (Rank)  
 
In the UK, the rank position is a score from one to six based on the order of finishing 
the race, with the winning Greyhound receiving a rank of one (first). Race 
performance results with a recorded rank position greater than six were therefore 
excluded from the data set. 
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2.1.3. Additional Calculations Performed on the Phenotypic and 
Performance Raw Data 
 
2.1.3.1. Greyhound Racing Age (RacingAge) 
 
Additional calculations were performed on the raw data to determine RacingAge, 
the age of the dog in months at the time of the race. For every Greyhound and each 
of its race performance results, the variable RacingAge was calculated as follows: 
 
RacingAge (in months)  =   
(month of race - month of birth) + [(year of race - year of birth) x 12] 
 
2.1.3.2. Month-Year-Stadium Combination (MYStad) 
 
Due to the large data set and computational limitations of the software used in the 
present study, it was not possible to examine the effect of local environmental 
conditions on Greyhound race performance in terms of variation between 
individual race events, RaceID (1 - 319,219), or combinations of stadium and race 
date, StadDate (47,450 levels), as both these variables exceeded the maximum 
number of levels permitted in the model. In order to investigate the influence of 
season, climatic conditions and stadium on Greyhound racing performance, a 
combination of race month, race year and stadium, MYStad, was therefore 
produced for each race performance result (n = 1,711,489) in the data set. The 
following formula was used to calculate the variable MYStad:  
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MYStad = [(racemo x 100 + raceyr) x 100] + StadiumID  
 
Where racemo, the month of the race event (1 - 12); raceyr, the year of the race 
event (2008 - 2012); and StadiumID, the numerical identification code of the 
stadium of the race (1 - 26). This resulted in the creation of 1,509 unique MYStad 
values in total. 
 
Limitations of using the MYStad variable in further analysis of the data are that it 
does not take into consideration the variations in environmental conditions 
between different race days in a particular month, or between race events at a 
particular stadium on a specific date. 
 
2.1.3.3. Type of Race (RaceType) 
 
The race distances and number of bends encountered during the race varied 
considerably both within and between tracks. Performance data were therefore 
grouped into four different Race Types: RaceType 1, consisted of two-bend 'sprint' 
races over distances between 220 m and 305 m; RaceType 2, consisted of four-bend 
'middle-distance' races over distances between 375 m and 515 m; RaceType 3, 
consisted of six-bend 'stayer' races between 540 m and 700 m; and Race Type four 
consisted of 'marathon' races over 700 m. 
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2.1.3.4. Average Speed (Speed) 
 
Additional calculations were performed on the raw data to determine the average 
speed (m/s) of the dog during the race. For every Greyhound and each of its race 
performance results, the variable Speed (m/s) was calculated as follows: 
 
Speed (m/s)    =    Race distance (m)        
       Race finish time (s) 
 
Greyhounds are capable of racing at speeds up to 18 m/s (Dobson et al., 1988), but 
they are able to maintain this speed for only the first 250 m of a race. Average 
speeds considerably greater than this are therefore likely to reflect an error in the 
recorded race time. Extremely slow racing speeds were occasionally observed, 
where the Greyhound is likely to have sustained an injury or collided with another 
dog during the race. For races over the most common racing distance of 480 m (n = 
481,882), the mean, maximum and minimum speeds in the raw data set were 16.1 
m/s, 17.5 m/s and 11.6 m/s, respectively. Performance results over all race 
distances (n = 1,882,658) that contained average speeds of less than 10 m/s or 
greater than 20 m/s (n = 170,517) were therefore excluded from the data set. 
 
2.1.3.5. Adjusted Rank Position (AdjRank) 
 
The Greyhound rank position was adjusted in order to correct the results for races 
with different numbers of dogs, as described by Taubert et al. (2007). The adjusted 
rank position, AdjRank, was calculated using the following formula: 
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5  	 + 1       (Taubert et al., 2007) 
 
Where R is the rank position of the Greyhound and N is the total number of dogs 
taking part in the race. This formula corrects the rank positions for races with less 
than six dogs taking part, therefore enabling comparisons between races with 
different numbers of participants. For example, a Greyhound finishing third in a 
race with a total number of five dogs taking part would be assigned an adjusted 
rank position of 3.5, and the Greyhound finishing last (fifth) would receive an 
adjusted rank position of six. 
 
 
2.1.4. The Final Data Set 
Following comprehensive data cleaning, cross-checking and quality control, the 
final data set (Appendix 1) contained a total of 1,711,489 individual race 
performance records for 50,452 individual Greyhounds, with a total of 73,344 
Greyhounds in the Pedigree Data table. Overall, 22,892 Greyhounds in the 
pedigree file did not have any performance records associated with them. These 
dogs did not take part in races within the study period of 1st January 2008 to 31st 
December 2012, but were relatives (within a six-generation pedigree) of the 
50,452 Greyhounds with performance records.  
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2.1.5. Creation of the Pedigree File for Genetic Analysis 
The pedigree file for analysis was created using the following space-delimited four-
column format, with one row for each individual Greyhound: 
 
NumIdInd NumIdSire NumIdDam BirthYrInd 
 
Where NumIdInd, NumIdSire and NumIdDam are the unique numerical 
identification codes assigned for the individual Greyhound (1 - 73,344), its Sire (1 - 
73,344) and its Dam (1 - 73,344) respectively, and BirthYrInd is the birth year of the 
individual Greyhound (1953 to 2011). Each Sire and Dam also appeared with their 
own row, as did the maternal and paternal grandparents, great-grandparents, 
great-great-grandparents and great-great-great-grandparents. Unknown parents 
were assigned a numerical identification code of zero (0) (Gilmour et al., 2009). For 
example, the first 11 rows of the Greyhound pedigree file are displayed below:  
 
 0 0 0 1953 
 1 10528 11009 2008 
 2 10529 11010 2006 
 3 10530 11011 2008 
 4 10531 11012 2007 
 5 10532 11013 2006 
 6 10533 11014 2006 
 7 10534 11015 2007 
 8 10535 11016 2007 
 9 10536 11017 2006 
 10 10537 11018 2006 
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2.1.6. General Analysis and Statistical Methods 
General statistical analysis, and analysis to determine the environmental effects 
and covariates to consider in the final genetic analyses of Greyhound racing 
performance, were performed using the software SAS, version 9.3 (SAS Institute 
Inc., 2002-2010). The variance components and breeding values were estimated 
using the freely available software package DMU, version 6, release 5.2 (Madsen 
and Jensen, 2013). The pedigree file and Greyhound phenotypic and performance 
data file were exported as two separate text files for input to SAS and DMU. 
Graphical representations of the data were performed using the software 
packages SAS, version 9.3 (SAS Institute Inc., 2002-2010) and Microsoft Office Excel 
(Microsoft Corporation, 2007b). 
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2.2. Genome-Wide Association Study (GWAS) of Stress Fracture 
Injuries in the  Racing Greyhound 
 
2.2.1. Case and Control Selection 
The inclusion criteria for case (affected) samples were: Greyhounds that had taken 
part in a total of 50 races or less and had sustained a stress fracture of the tarsal, 
metacarpal (MC) or metatarsal (MT) bones of the distal limb during racing, trialling 
or schooling at the stadium, as diagnosed by the Greyhound track veterinary 
surgeon in attendance. Case samples were collected from Greyhounds that 
regularly raced at one GBGB-licensed Greyhound stadium in the UK, and had 
either been euthanased at the stadium due to serious injury, or had previously 
sustained a stress fracture and were returned to racing or retired.  
 
The inclusion criteria for control (unaffected) samples were: Greyhounds that had 
taken part in over 70 races in total, were healthy and had never sustained a 
fracture of any type, as reported by the owner or trainer of the dog and confirmed 
by the Greyhound track veterinary surgeon. Control Greyhounds were recruited 
from the same GBGB-licensed Greyhound stadium as case Greyhounds. All control 
Greyhounds included in the study were examined by a veterinary surgeon (the 
author) immediately prior to sample collection, and confirmed as being in good 
health. 
 
Previous analysis of the British GBGB-licensed Greyhound population over a five 
year period from 2008 to 2012 (n = 50,452) found that 76% (n = 38,344) of 
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Greyhounds had taken part in a total of 50 races or less, and only 12.3% (n = 6,206) 
of Greyhounds had taken part in more than 70 races (Figure 3.1). Consequently, a 
maximum of 50 races was selected for case samples in order to include only those 
Greyhounds that sustained a stress fracture during the earlier stages of their racing 
career, which is suggestive of a strong genetic component. Seventy races was 
selected as a minimum value for control samples in order to include only those 
Greyhounds with a relatively long racing career and no history of bone fractures, 
therefore implying the dogs had good bone strength and potentially a lower 
genetic risk of stress fracture. 
 
2.2.1.1. Sample Collection 
 
Within a multicellular organism, each different cell type contains identical DNA 
(Alberts et al., 2002). Animal DNA samples can be obtained from a wide range of 
biological materials, including tissue, blood, saliva, hair and semen. Several types 
of biological samples were collected from case and control Greyhounds in the 
present study, in order to obtain samples of their DNA. 
 
All samples were collected with the full informed consent of the Greyhound 
owner, or of the Greyhound trainer responsible for the care of the dog and acting 
on behalf of the owner. Each Greyhound owner or trainer was provided with an 
information sheet (Appendix 4 and Appendix 5) detailing the study, and completed 
a written consent form (Appendix 6 and Appendix 7) giving permission for sample 
collection, storage and use in scientific research. All tissue samples were collected 
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from Greyhounds that had sustained an injury and were euthanased at the 
stadium by the attending track veterinary surgeon for reasons unrelated to the 
present study. The research project received ethical approval from the University 
of Liverpool Veterinary Research Ethics Committee. 
 
2.2.1.2. Muscle Tissue Sample Collection 
 
Muscle tissue samples were collected from 51 case (affected) Greyhound cadavers 
(33 males and 18 females) that had sustained a stress fracture of the tarsus. Time 
restrictions prevented immediate post-mortem collection of Greyhound saliva, 
blood or muscle tissue samples by the track veterinary surgeon. The Greyhound 
cadaver was frozen at -20 degrees Celsius (oC) immediately following euthanasia, 
therefore enabling collection of tissue samples at a later date.  
 
The Greyhound cadaver was collected from the stadium and transported to the 
School of Veterinary Science at the University of Liverpool. Prior to sample 
collection, the cadaver was thawed in a cold store for five to seven days. 
Phenotypic data consisting of the Greyhound's racing name, ear tattoo, sex, weight 
and colour were recorded, and the tarsal fracture was confirmed by palpation 
and/or dissection of the affected limb. Samples of biceps femoris muscle tissue 
were collected from the dog and immediately stored at -80oC until required for 
further processing.  
 
Of the total 51 muscle tissue samples, 45 were collected as part of a previous 
study (Hercock, 2010) and six were obtained by the author. 
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2.2.1.3. Skin Tissue Sample Collection 
 
The track veterinary surgeon was provided with skin biopsy kits for the collection 
of Greyhound skin tissue samples. This was to test an alternative method of tissue 
sample collection that could be performed quickly and easily by the track 
veterinary surgeon during the immediate post-mortem period.  In total, skin tissue 
samples were collected from two case Greyhound cadavers (one male and one 
female) that had sustained a stress fracture of the tarsus. Immediately following 
euthanasia, a suitable skin biopsy site was selected and the overlying hair trimmed 
using scissors. The biopsy site was not surgically prepared or sterilised. A full-
thickness skin biopsy sample was collected by the track veterinary surgeon using a 
sterile disposable five millimetre (mm) biopsy punch, and placed into a two 
millilitre (ml) screw-cap tube containing 500 microlitres (µl) DNAgard Tissue 
solution (Biomatrica, USA), ensuring that the tissue sample was fully submerged. 
The procedure was repeated, so that two skin biopsy samples were collected from 
each dog. The 2 ml screw cap tubes were then wrapped in foil to protect the 
samples from light, and stored upright at room temperature until required for 
further processing. Phenotypic data consisting of the Greyhound's racing name, 
ear tattoo, sex and details of the injury were recorded. The date of birth, pedigree 
and historical race performance data for each Greyhound were obtained from the 
online resource Greyhound-Data (2014). 
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2.2.1.4. Saliva Sample Collection 
 
Blood sampling is considered an invasive procedure, and a home office licence is 
required for collection of blood samples from live dogs for research purposes in 
the UK. Saliva collection, however, is considered a non-invasive procedure and 
does not require a licence.  
 
Saliva samples were collected from 38 case Greyhounds (21 males and 17 females) 
that had previously sustained a stress fracture of the tarsus (30 dogs), metacarpus 
(two dogs) or metatarsus (six dogs), and were returned to racing or retired. In 
addition, saliva samples were collected from 146 healthy control Greyhounds (80 
males and 66 females). Due to GBGB regulations restricting the sampling of 
Greyhounds while at the stadium for racing or trialling, all saliva samples were 
collected from Greyhounds at their residential kennels on non-race days. A 
number of Greyhounds were sampled from each of the 15 racing kennels 
associated with the GBGB-licensed Greyhound stadium.  
 
Saliva samples were collected using Oragene®-Animal OA-400 saliva collection kits, 
(Oragene®, DNA Genotek Inc., Ontario, Canada), which enable quick, easy, non-
invasive collection of high-quality and high-quantity DNA, providing similar DNA 
yields to bloods samples (Iwasiow et al., 2009). Additionally, DNA samples 
collected using Oragene®-Animal saliva kits remain stable at room temperature for 
up to six months, enabling ease of sample collection, transport and storage. The 
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Oragene®-Animal kit consisted of two sponges and a collection tube containing the 
Oragene®-Animal buffer solution.  
 
All saliva samples were collected by the author to ensure consistency of the 
sampling procedure. To minimise contamination or dilution of the sample, the 
Greyhound was not permitted to eat for 30 minutes or drink for 10 minutes prior 
to sample collection. Saliva samples were collected according to the 
manufacturer's instructions. Briefly, the two Oragene®-Animal sponges were held 
together and placed into the Greyhound’s mouth at the right or left cheek pouch, 
and saliva was collected for 30 s by moving the sponges and absorbing the saliva 
where it naturally pools. This procedure was repeated on the other side of the 
Greyhound’s mouth for a further 30 s. The two sponges were then removed from 
the dog’s mouth, ensuring that the teeth and lips were not scraped during 
removal, and placed into the collection tube. The capped tube was then shaken 
vigorously for 10 s, labelled, and stored upright at room temperature until 
required for further processing. Nitrile gloves were worn throughout the sample 
collection process.  
 
A questionnaire (Appendix 8) was used to obtain phenotypic data from the 
Greyhound owner or trainer. This data consisted of the Greyhound's racing name, 
ear tattoo, sex, place of birth, weight, trainer, medical and injury history. The date 
of birth, pedigree and historical race performance data for each Greyhound were 
obtained from the online resource Greyhound-Data (2014).  
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2.2.2. Sample Processing 
All DNA extraction procedures were performed by the author at the Centre for 
Integrated Genomic Medical Research (CIGMR) at the University of Manchester 
(Manchester, UK) and the Institute of Integrative Biology at the University of 
Liverpool (Liverpool, UK). 
 
2.2.2.1. DNA Extraction from Muscle Tissue Samples 
 
DNA was extracted from muscle tissue samples using Qiagen DNeasy Blood and 
Tissue Mini Kits (Qiagen UK Limited, Crawley, West Sussex, UK) according to the 
manufacturer's instructions. Briefly, a small section of the frozen muscle tissue 
sample was thawed to room temperature. A cube of tissue measuring four mm by 
four mm was cut using a scalpel, and then further cut into small pieces to enable 
efficient lysis. The sample was placed into a labelled 1.5 ml microcentrifuge tube. 
180 µl Buffer ATL (Qiagen, UK) and 20 µl proteinase K (Qiagen, UK) were added to 
the tube and mixed by vortexing. The sample was incubated in a water bath at 56 
oC overnight until the tissue was completely lysed.  
 
At this stage of the protocol, the optional step of adding 4 µl RNase A (100 mg/ml) 
was tested in a small number of samples (n = 8) using Riboshredder™ RNase Blend 
(Epicentre, Madison, Wisconsin), in order to obtain RNA-free genomic DNA. The 
addition of Riboshredder™ RNase Blend was found to make no difference to the 
final DNA concentration or quality of the sample, as measured using a Nanodrop® 
spectrophotometer (Thermo Scientific, Delaware, USA). The average DNA yields 
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were 42.8 ng/µl and 43.1 ng/µl for DNA extractions performed with and without 
the addition of Riboshredder™ RNase Blend, respectively. Consequently, the 
optional step of addition of RNase A was excluded from the protocol.  
 
Following tissue lysis, the sample was vortexed for 15 s. 200 µl Buffer AL (Qiagen, 
UK) was added to the sample and mixed thoroughly by vortexing. 200 µl 100% 
ethanol was added to the sample, and mixed immediately by vortexing. Using a 
sterile 3 ml pastette, the resulting mixture was transferred to a labelled DNeasy 
Mini spin column (Qiagen, UK) placed in a 2 ml collection tube, and centrifuged at 
>6,000 g-force (g), or 8,000 rotations per minute (rpm), for one minute in a 
microcentrifuge. The flow-through and collection tube were discarded. The 
DNeasy Mini spin column (Qiagen, UK) was placed in a new 2 ml collection tube. 
500 µl Buffer AW1 (Qiagen, UK) was added, and the sample centrifuged at >6,000 
g (8,000 rpm) for one minute in a microcentrifuge. The flow-through and collection 
tube were discarded. The DNeasy Mini spin column (Qiagen, UK) was placed in a 
new 2 ml collection tube. 500 µl Buffer AW2 (Qiagen, UK) was added, and the 
sample centrifuged at 20,000 g (14,000 rpm) for three minutes in a 
microcentrifuge, to dry the DNeasy membrane. The flow-through and collection 
tube were discarded. The DNeasy Mini spin column (Qiagen, UK) was placed in a 
new 2 ml collection tube, and 200 µl Buffer AE (Qiagen, UK) was pipetted directly 
onto the DNeasy membrane. The sample was incubated at room temperature for 
one minute, and then centrifuged at >6,000 g (8,000 rpm) for one minute in a 
microcentrifuge to elute. This elution step was repeated once to enable maximum 
DNA yield. The 2 ml collection tube containing the first eluate was reused for the 
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second elution step, and 200 µl Buffer AE (Qiagen, UK) was pipetted directly onto 
the DNeasy membrane. The sample was incubated at room temperature for one 
minute, and then centrifuged at >6,000 g (8,000 rpm) for one minute in a 
microcentrifuge. The total eluate was transferred to a labelled Cryo.s™ 2 ml 
cryogenic storage vial (Greiner Bio-One Limited, Stonehouse, UK), and stored at -
20 oC until required for further processing. 
 
2.2.2.2. DNA Extraction from Skin Tissue Samples 
 
DNA was extracted from skin samples using a modified protocol for DNA recovery 
from a tissue sample stored in 500 µl DNAgard Tissue solution (Biomatrica, USA). 
Briefly, the skin tissue sample was removed from the storage tube containing 
DNAgard Tissue solution. The skin tissue sample was cut into small pieces to 
enable efficient lysis, then placed into a labelled 2 ml microcentrifuge tube. 400 µl 
Buffer ATL (Qiagen, UK) and 40 µl proteinase K (Qiagen, UK) was added to the tube 
and mixed by vortexing. The sample was incubated in a water bath at 56 oC 
overnight until the tissue was completely lysed.  
 
The sample was then vortexed for 15 s. 400 µl Buffer AL (Qiagen, UK) was added to 
the sample and mixed thoroughly by vortexing. 400 µl of 100% ethanol was added 
to the sample, and mixed immediately by vortexing. Using a sterile 3 ml pastette, 
the resulting mixture was transferred to a labelled DNeasy Mini spin column 
(Qiagen, UK) placed in a 2 ml collection tube. The remaining steps in the protocol 
140 
 
are the same as those previously described for DNA extraction from muscle tissue 
samples (Chapter 2.2.2.1).  
 
2.2.2.3. DNA Extraction from Saliva Samples 
 
A modification of the manufacturer's protocol (DNA Genotek, Canada) was used to 
extract DNA from the saliva samples collected using Oragene® Animal kits, to 
enable processing of the entire sample (approximately 2 ml) rather than a 500 µl 
aliquot. Briefly, the teal coloured cap of the sample tube was replaced with the 
supplied purple cap. The samples were mixed in the tube by inverting several 
times, and then incubated in a water bath at 50 oC for a minimum of one hour. The 
collection sponges were pressed against the side of the collection tube to release 
additional liquid contained in the sponge. 1/25th volume (40 µl per 1 ml of sample) 
of Oragene® DNA Purifier (DNA Genotek, Canada) was added to the tube and 
vortexed briefly to mix. The samples were incubated on ice for 10 minutes and 
then centrifuged at room temperature at 4,500 rpm (4,000 g) for 17.5 minutes in a 
Jouan centrifuge. The clear supernatant was transferred to a new labelled 15 ml 
tube using a sterile 3 ml pastette, ensuring that the pellet containing impurities 
remained undisturbed. The pellet was then discarded. Five-molar (M) NaCl (60 µl 
per 1 ml of sample) was added to the supernatant to ensure efficient recovery of 
DNA. An equal volume to the sample of room temperature 100% ethanol was 
added to the tube and mixed by inverting 10 times, then incubated at room 
temperature for 10 minutes. Samples were centrifuged at room temperature for 
17.5 minutes at 4,500 rpm (4,000 g) in a Jouan centrifuge. The supernatant was 
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removed using a sterile 3 ml pastette and discarded, ensuring that the pellet 
containing the DNA remained undisturbed. 1 ml 70% ethanol was added to the 
tube and left at room temperature for one minute. The tube was gently swirled 
and then the ethanol completely removed using a sterile 3 ml pastette. The DNA 
pellet was dried at room temperature for 15 to 20 minutes, then re-suspended in 
300 µl TE buffer (10mM Tris, 1mM EDTA) and vortexed for 30 s. Samples were 
incubated in a water bath at 50 oC for one hour with occasional vortexing. The 
rehydrated DNA was transferred to a labelled Cryo.s™ 2 ml cryogenic storage vial 
(Greiner Bio-One Limited, Stonehouse, UK), and stored at -40 oC until required for 
further processing. 
 
2.2.3. Quantification of DNA  
DNA quantification was performed using the Quant-iT™ dsDNA Broad-Range Assay 
Kit (Invitrogen™, Life Technologies, Paisley, UK) and measured using a Qubit® 
fluorometer (Invitrogen™, Life Technologies, Paisley, UK), according to the 
manufacturer's instructions. 
 
2.2.4. General Analysis and Statistical Methods 
Genotyping data was analysed using the freely available, open-source whole-
genome association analysis software PLINK, version 1.07 (Purcell et al., 2007; 
Purcell, 2009). The position of associated SNPs on the chromosome and potential 
causative genes were identified from the CanFam2.0 and CanFam3.1 canine 
genome assembly using the Ensembl online public database (Cunningham et al., 
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2015; Ensembl, 2015). Graphical representation of the data was performed using 
the software packages Haploview, version 4.2 (Barrett et al., 2005) and R, version 
3.1.1 (The R Foundation for Statistical Computing, 2014). 
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2.3. Salivary Cortisol and Heart Rate as Measures of Stress in the 
Racing Greyhound 
 
2.3.1.  Greyhound Selection 
 
A total of 59 healthy Greyhounds (32 males and 27 females) racing at an 
Independent (non-GBGB licensed) British Greyhound stadium were recruited to 
participate in the study. This was an opportunistic sample that included all 
Greyhounds whose owner or trainer had consented to take part. All dogs were 
trained for racing and had raced competitively at a commercial track. Each 
Greyhound included in the study was examined by a veterinary surgeon (the 
author) as part of the required pre-race veterinary inspection as specified in The 
Welfare of Racing Greyhounds Regulations 2010 (England), and confirmed as 
healthy and fit to race.  
 
Samples and data were collected with the full informed consent of the Greyhound 
owner, or of the Greyhound trainer responsible for the care of the dog and acting 
on behalf of the owner. In the Independent sector of the Greyhound industry, the 
trainer and owner of the Greyhound are frequently the same person. Each 
Greyhound owner or trainer was provided with an information sheet (Appendix 
11) detailing the study, and completed a written consent form (Appendix 6) giving 
permission for sample collection, storage and use in scientific research. The 
General Manager of the Independent Greyhound stadium gave their full informed 
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consent for the stadium to participate in the study, and permitted the collection of 
samples on the premises both before and after racing. 
 
2.3.2. Sample Collection 
 
The rules and regulations of the GBGB restrict the collection of samples from 
Greyhounds present at licensed race track premises. Consequently, sample 
collection took place at an Independent (non-GBGB-licensed) Greyhound stadium 
during two consecutive race meetings held one week apart, in December 2013. 
 
Independent race tracks are required to provide kennels for a minimum of 20% of 
the total number of Greyhounds present at the stadium at any one time for trialling 
or racing (The Welfare of Racing Greyhound Regulations, 2010). There is, however, 
no requirement for pre-race kennelling of the Greyhound. Consequently, on arrival 
at the stadium Greyhounds remained either in their owner or trainer's van, the car 
park, paddock area or stadium kennel, depending on the preference of the owner 
or trainer. Adhering to the usual race meeting procedures, Greyhound owners and 
trainers presented their dog for race registration and the required pre-race 
veterinary examination, approximately 15 to 20 minutes before the start of the 
Greyhound's race. All Greyhounds participating in the study were used to frequent 
handling and were familiar with a procedure of pre-race clinical examination by a 
veterinary surgeon, which included inspection of the mouth and teeth. Dogs were 
lightly restrained during sample collection by their owner or trainer using a neck 
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collar and lead only, as they would normally be restrained during the pre-race and 
post-race periods at the Greyhound stadium to prevent escape.  
 
All samples and data were collected by a veterinary surgeon (the author) and a 
team of 14 University of Liverpool Veterinary Science students, trained in the 
sampling procedures by the author.  
 
2.3.2.1. Saliva Sample Collection 
 
Canine cortisol levels can be measured in a wide range of biological samples, 
including saliva (Beerda et al., 1998; Bergeron et al., 2002; Dreschel and Granger, 
2009; Hekman et al., 2012; Kobelt et al., 2003; Vincent and Michell, 1992). Saliva 
collection is considered a non-invasive procedure and does not require a home-
office licence. Canine salivary cortisol levels are highly correlated with plasma 
cortisol (Beerda et al., 1996; Vincent and Michell, 1992), and can therefore be used 
as a measure of HPA activity. 
 
Saliva samples were collected from all Greyhounds using Salimetrics® Children’s 
Swabs (SCS) (Salimetrics® Europe Limited, Suffolk, UK). The SCS is a highly 
absorbent, non-toxic, inert polymer sponge measuring 8 mm by 125 mm, and is 
durable and very resistant to chewing, making it suitable for saliva collection from 
dogs. The volume of saliva sample recovered from the SCS is approximately 200 µl 
to 1,000 µl (Salimetrics, 2013), and the swabs are approved for collection of saliva 
for analysis of cortisol.  
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Previous studies have used salivary stimulants such as citric acid (Beerda et al., 
1998; Bergeron et al., 2002; Kobelt et al., 2003; Pastore et al., 2011) to induce 
salivation in dogs, in order to increase the volume of saliva collected and ensure an 
adequate quantity for cortisol measurement. Brorrsson et al. (2014) reported that 
stimulation of salivation using citric acid had no effect on salivary cortisol levels in 
humans. Other studies, however, reported that this artificially increases cortisol 
concentrations in human (Schwartz et al., 1998) and canine (Dreschel and Granger, 
2009) saliva samples. Additionally, Dreschel and Granger (2009) report that the 
use of beef-flavoured collection materials results in unpredictable variability in 
salivary cortisol concentrations in dogs. Therefore, in order to minimise the risk of 
artificially affecting salivary cortisol levels, and to ensure that the dog was not 
required as part of the study to ingest a substance pre-race that may potentially 
affect its racing performance, no salivary stimulants were used in the present 
study when collecting saliva samples from Greyhounds. The SCS sampling device 
contained no food-based additives that may have interfered with subsequent 
cortisol measurement of saliva samples (Dreschel and Granger, 2009).  
 
Koyama et al. (2003) found that salivary cortisol secretion in dogs does not follow 
a circadian rhythm. Other studies, however, report considerable variations in 
canine blood cortisol concentrations during a 24-hour period (Kolevska et al., 
2003). All samples in the present study were collected between the hours of 19:30 
to 23:00, reducing the effect of potential temporal variation or circadian deviation 
on salivary cortisol concentrations.  
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A saliva sample was collected from each Greyhound both before and after racing. 
The pre-race saliva sample was collected 15 to 20 minutes before the start of the 
Greyhound's race. The post-race sample was collected immediately after the 
Greyhound was walked off the racetrack, within five minutes of the end of the 
race. 
 
To minimise contamination or dilution of the saliva sample, the Greyhound was 
not permitted to eat for 30 minutes or drink for 10 minutes prior to sample 
collection. Saliva samples were collected according to the manufacturer's 
instructions (Salimetrics® Europe Limited, Suffolk, UK). Holding the SCS securely at 
one end, the other end of the swab was placed into the dog’s mouth at the right or 
left cheek pouch, and saliva was collected for a minimum of 90 s by moving the 
swab and absorbing the saliva where it naturally pools in the cheek pouch and 
under the tongue. Using the same SCS, the procedure was repeated on the other 
side of the dog’s mouth for a further 90 s, or until the lower third of the swab was 
saturated. For each dog, saliva samples were collected within four minutes to 
prevent elevation of salivary cortisol concentrations due to handling (Kobelt et al., 
2003). The SCS was removed from the dog’s mouth, ensuring that the teeth and 
lips were not scraped during removal, and the saturated end was placed into the 
upper tube insert of a Salimetrics® Swab Storage Tube (SST) (Salimetrics® Europe 
Limited, Suffolk, UK). The dry section of the SCS was cut off using scissors and 
discarded, and the remaining saturated SCS was folded to fit into the upper tube 
insert of the SST. The tube was capped tightly to prevent evaporation, labelled and 
refrigerated immediately at 4 oC for the remainder of the race meeting. The 
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samples were transferred in an ice box to a freezer within three hours, and stored 
at -20 oC until required for further processing. Nitrile gloves were worn throughout 
the sample collection process. 
 
2.3.2.2. Heart Rate Measurement 
 
The heart rate (HR) of each Greyhound was assessed both before and after racing 
by cardiac auscultation using a stethoscope, over a period of one minute. The pre-
race HR was measured 15 to 20 minutes before the start of the Greyhound's race. 
The post-race HR was measured immediately after the Greyhound was walked off 
the race track, within five minutes of the end of the race. The procedure of cardiac 
auscultation using a stethoscope may in itself cause stress in some dogs and result 
in an increase in HR. Consequently, the HR was measured with minimal restraint 
and handling of the Greyhound to minimise this effect. 
 
For each dog, saliva sample collection and heart rate measurement occurred 
simultaneously both before and after racing. Additionally, saliva samples and heart 
rate measurements were collected at the same time from each Greyhound taking 
part in the race, both before and after racing, using a team of 14 University of 
Liverpool Veterinary Science students. 
 
2.3.2.3. Phenotypic Data 
 
Greyhound owners and trainers were asked to provide information about the dog 
and their journey to the Greyhound stadium that day, including: racing name; ear 
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tattoo; sex and age of the dog; post code of the location the dog had travelled 
from (in order to calculate journey distance); and the journey time. For each 
Greyhound, additional information was collected from the printed Racing 
Programme, including: race number; time of the race; race distance; starting trap 
number; and number of dogs in the race (Appendix 10). The Greyhounds included 
in the present study were non-GBGB licensed dogs, and their pedigree and 
historical race performance data were unavailable.  
 
2.3.3. Cortisol Enzyme Immunoassay (EIA) 
 
Sample processing and measurement of cortisol concentrations were performed at 
the Department of Biological Sciences at the University of Chester (Chester, UK) (R. 
Coleman). Prior to analysis, the storage tubes containing the swab were thawed to 
room temperature and centrifuged for 15 minutes at 3,000 rpm (1,500 g), to 
obtain the saliva sample. Cortisol concentrations were measured in all saliva 
samples using an enzyme immunoassay (EIA), modified from a protocol described 
previously (Smith and French, 1997). Briefly, cortisol antibody [R4866, raised 
against a steroid-conjugated bovine serum albumin (BSA) in rabbit] was diluted in 
0.05M EIA coating buffer (1.59 g Na2C03; 2.93 g NaHCO3; 1,000 ml dH2O; pH 9.6) to 
a dilution of 1:12,000. 50 µl of antibody dilution was added to all wells of the 96-
well microtitre plate, except the Non-Specific Binding (NSB) wells. 50 µl coating 
buffer or dH2O were added to the NSB wells, to control for non-antibody binding. 
The edges of the plate were tapped lightly to ensure the bottom of the wells were 
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evenly coated with antibody. The plates were covered with an adhesive plate 
sealer and sealed completely, then incubated at 4 oC for 12 to 18 hours.  
 
The plates, samples and buffers were brought to room temperature. The plates 
were washed four times with wash solution using a Dynatech Ultrawash Plus 
automatic plate washer (Dynex Technologies Limited, West Sussex, UK), then 
blotted dry on paper towels. 50 µl of 0.1M EIA phosphate buffered saline (PBS) 
(5.42 g NaH2PO4; 8.66 g Na2HPO4 [anhydrous]; 8.7 g NaCl; 1.0 g BSA 
[Radioimmunoassay (RIA) Grade Bovine Albumin]; 1,000 ml dH2O; pH 7.0) was 
immediately added to each well of the plate, and the plates were resealed. Saliva 
samples were diluted to 1:16 in dH2O. 50 µl of prepared standards, pool controls, 
water and samples were added to the appropriate wells. The steroid conjugate, 
cortisol-horseradish peroxidase (HRP), was diluted in EIA PBS to a dilution of 
1:22,000. Immediately after the addition of samples, 50 µl cortisol-HRP conjugate 
dilution was added to all wells of the plate. The plates were sealed and incubated 
at room temperature for two to three hours in the dark.  
 
The plates were washed four times with wash solution as previously, then 
resealed. EIA substrate solution was prepared using 0.05M EIA citrate buffer (9.61 
g citric acid [anhydrous]; 1,000 ml dH2O; pH 4.0); 40mM EIA ABTS [2,2'-Azino-bis(3-
ethylbenzthyoline-6-sulfonic acid) Diammonium Salt] (0.329 g ABTS; 15.0 ml dH2O; 
pH 6.0); and 0.05M EIA H2O2 (500 µl 8M H2O2; 7.5 ml dH2O), as displayed in Table 
2.2. 
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Number of Plates Volume of Citrate 
Buffer (ml) 
Volume of ABTS 
(µl) 
Volume of H2O2 
(µl) 
2 25.0 250.0 80.0 
4 50.0 500.0 160.0 
6 75.0 750.0 240.0 
  
Table 2.2. Preparation of Enzyme Immunoassay (EIA) substrate solution.  
 
 
100 µl EIA substrate solution was added to all wells of the plates. The plates were 
sealed tightly and then shaken continuously until colour developed to an optical 
density of approximately 1.00 in the control (Bo) wells containing zero hormone. 
Once the plates had developed, they were read using a Dynatech MR5000 
microplate reader (Dynex Technologies Limited, West Sussex, UK).  
 
2.3.4. General Analysis and Statistical Methods 
 
Statistical analysis and production of graphical representations of the data were 
performed using the software packages SAS, version 9.3 (SAS Institute Inc., 2002-
2010) and Microsoft Office Excel (Microsoft Corporation, 2007b). 
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3. Investigation of Environmental Factors Affecting the Race 
Performance of British Greyhounds  
 
3.1. Introduction 
 
Races follow the same format on all GBGB-licensed race tracks in the UK. 
Greyhounds are raced in an anticlockwise direction around an elliptical track with a 
sand surface material. Races consist of mixed male and female dogs, with a 
maximum of six dogs per race. For the majority of races, the starting trap number is 
allocated by the Racing Manager in a non-random manner, usually taking into 
consideration the preference of the Greyhound for running close to the hare rail, 
middle or outer perimeter of the track. Greyhound stadiums vary widely in terms of 
track design, circumference, radius of the bends, angles of inclination, track surface 
conditions and preparation methods.  
 
Frequently used measures of Greyhound performance include the quantitative 
traits of racing speed, race time over a specific distance and rank finish position in a 
race. Such characteristics are controlled by many different genes at different loci, 
and are also affected by non-genetic (environmental) influences such as nutrition, 
management, training, climate, geographic location or exposure to disease (Simm, 
1998).  
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3.1.1. Environmental Factors Affecting the Race Performance of 
Greyhounds 
 
Environmental factors of sex of the dog, fitness level, grade of race, speed, race 
distance, track design, degree of banking and radius of the bends, track surface 
material and conditions, track maintenance and the weather have been reported 
to affect the rate and type of Greyhound injuries that occur during racing (Cook, 
1998; Davis, 1973; Gannon, 1972; Hickman, 1975; Sicard et al., 1999; Prole, 1976; 
Vaughan, 1969). Such factors are also likely to influence the running times and 
performance of racing Greyhounds generally (Cook, 1998). Studies of Irish racing 
Greyhounds and of racing Whippets found that the non-genetic (environmental) 
factors of sex of the dog, race stadium, individual race effect, season of the race 
and racing age had a statistically significant effect on several race performance 
traits (Meissen, 1997; Ryan, 1976; Taubert et al., 2007).  
 
Greyhound daily food intake and the nutrient composition of diets have been 
reported to affect the racing performance of Greyhounds in the USA (Gannon, 
1987; Grandjean and Paragon, 1992; Hill, 1998; Hill et al., 2000, 2001, 2005; Kesl 
and Engen, 1998; Marshall et al., 2002; Scott et al., 2001; Toll et al., 1992). The 
majority of racing Greyhounds are fed a commercial extruded diet containing 20% 
to 28% Metabolisable Energy (ME) protein and 25% to 45% ME fat. Additional 
meat (often beef) is usually mixed with the extruded diet, which increases dietary 
protein to greater than 30% ME and increases dietary fat to over 50% ME (Hill et 
al., 2001; Kohnke, 1998). Toll et al. (1992) reported that racing Greyhounds were 
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slower when dietary fat increased from 31% to 75% of ME. Several authors have 
suggested that racing Greyhounds should be fed diets with high carbohydrate and 
low fat content, in order to maximise muscle glycogen content, maximise 
performance and minimise the extent of lactic acidosis (Gannon, 1987; Grandjean 
and Paragon, 1992). Hill et al. (2000), however, reported that racing Greyhounds 
ran significantly faster (mean 0.2 s) over a distance of 500 m when dietary fat 
increased from 25% to 32% of ME, dietary protein increased from 21% to 25% of 
ME, and carbohydrate decreased from 54% to 43% of ME, although it was 
uncertain whether the increase in performance was due to changes in dietary 
protein, fat or carbohydrate. A subsequent study by Hill et al. (2001) reported that 
Greyhounds ran significantly slower (0.18 s) over a distance of 500 m when dietary 
protein was increased from 24% to 36% of ME and dietary carbohydrate was 
decreased from 43% to 30% of ME. Hill et al. (2001) suggest that excess quantities 
of dietary protein and fat, or inadequate quantities of dietary fat and 
carbohydrate, may both have a negative effect on race performance in 
Greyhounds. Many Greyhound trainers supplement the diet with additional 
vitamins and minerals. High daily doses of Vitamin E (1,000 international units) 
(Hill et al., 2001) or Vitamin C (1 g) (Marshall et al., 2002), however, have been 
reported to slow racing Greyhounds.  
 
An adult trained Greyhound in racing condition has a typical body condition score 
of approximately 3.5 on a 9-point scale (Hill et al., 2005). It is common practice for 
many Greyhound trainers to mildly restrict the food intake of racing dogs, due to 
the traditional belief that Greyhounds run faster when they are leaner (Hill et al., 
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2005). Hill et al. (2005) reported that Greyhounds receiving a restricted food 
intake (85% of free choice daily food intake) ran 0.19 m/s faster over a 500 m 
sprint distance, weighed 6% less and had a lower body condition score (3.5 
compared to 3.75 on a 9-point scale) than Greyhounds given unrestricted access to 
food. 
 
Studies investigating environmental influences on race performance of British 
Greyhounds have, to date, focussed on the investigation of hormonal factors 
affecting performance (Payne, 2013a,b). In a study of performance changes in 
dioestrus of 4,453 Greyhound bitches from July 1996 to May 2012, Payne (2013a) 
reported variations in female Greyhound performance according to the stage of 
the canine oestrus cycle. The study identified a decline in performance ranging 
from 0.031 s to 0.733 s (over a 450 m race distance) between 41 and 56 days post-
oestrus, and a gradual return to baseline (anoestral) performance level by 
approximately 80 to 100 days post-oestrus. In a subsequent study, Payne (2013b) 
investigated the effect of ovariohysterectomy on female Greyhound racing 
performance, and reported no significant differences in performance between 
entire and neutered Greyhound bitches. The influence of non-hormonal 
environmental factors on the racing performance of British Greyhounds have not 
previously been reported. 
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3.1.2. Environmental Factors Affecting the Race Performance of 
Thoroughbred Horses 
 
In Thoroughbred racehorses, environmental factors of sex, age, year, season, class 
of race, distance of race, handicap weight, type of track, track condition, post-
position, trainer effect, jockey effect and individual race effect have been reported 
to influence race performance (Bugislaus et al., 2005; Ekiz et al., 2005b; Ekiz and 
Kocak, 2007; Mota et al., 1998, 2005; Oki et al., 1994, 1995; Svobodova et al., 
2005; Thiruvenkadan et al., 2009a). Studies of racehorse stadiums have found that 
track surface conditions, such as substrate type, bulk density and moisture 
content, can influence performance by affecting racing speed (Field et al., 1993; 
Zebarth and Sheard, 1985). There is little published research investigating the 
relationship between Greyhound race performance and track conditions, however 
it is likely that variations in track surface characteristics will have a similar affect on 
performance in racing Greyhounds (Cook, 1998). Climatic conditions such as 
temperature, precipitation and wind may also affect Greyhound race performance. 
 
3.2. Aims 
 
The aims of the study were to establish a comprehensive performance and 
pedigree database for GBGB-licensed racing Greyhounds in the UK, in order to 
investigate the effects of a number of environmental (non-genetic) factors on 
variation in British Greyhound race performance. The results of the study will 
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determine the environmental factors to consider in later genetic analysis of the 
data.   
 
3.3. Materials and Methods 
 
3.3.1. Data Collection and Cleaning for Quality Control 
  
Historical race performance and phenotype data were obtained for each 
Greyhound competing in all races that took place at GBGB-licensed Greyhound 
tracks during a five-year period from 1st January 2008 to 31st December 2012, 
using the publically available online resource Greyhound-Data (2014). In total, 
1,882,658 race performance records for 52,826 individual Greyhounds were 
obtained and collated into a Microsoft Access database (Microsoft Corporation, 
2007) as detailed in Chapter 2.1.1. Data cleaning and quality control steps were 
performed as detailed in Chapter 2.1.2. The final data set for analysis contained a 
total of 1,711,489 individual race performance records for 50,452 individual 
Greyhounds (Appendix 1). 
 
3.3.2. Analysis of Non-Genetic (Environmental) Factors Affecting the 
Racing Performance of British Greyhounds 
 
Greyhounds are traditionally selected for breeding based on their own or their 
relative's phenotypic performance in terms of racing speed, race time over a 
specific distance and/or rank finish position in a race (Taubert et al., 2007). 
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Consequently, these three measures of racing performance were chosen for 
investigation in the present study. 
 
The most common Greyhound race distance in the UK is the 480 m flat race 
(Greyhound Board of Great Britain, 2009). Analysis was initially performed on a 
smaller subset of the data, consisting of performance results for a race distance of 
480 m only (n = 481,882 race performance results). This was to enable analysis of 
the industry-important performance trait 'Race Time', which requires performance 
results over a fixed racing distance. Additionally, this enabled comparisons to be 
made with the previously reported Irish Greyhound studies which analysed 
performance results for 480 m races only (Ryan, 1975; Taubert et al., 2007). 
Separate analysis was carried out on the complete data set (n = 1,711,489 race 
performance results), to include all performance results over all race distances. 
 
In this and all subsequent analyses, the performance trait 'Rank' refers to the 
adjusted rank value, AdjRank, to correct the Rank result according to the number 
of Greyhounds in the race as detailed in Chapter 2.1.3.5. The performance trait 
'Speed' refers to the average speed (m/s) of the dog during the race, and the 
performance trait 'Race Time' refers to the time taken for a Greyhound to 
complete a race of 480 m distance. Descriptions and classifications of the 
performance data and environmental variables are detailed in Chapter 2.1.  
 
Univariable analyses were performed by analysis of variance (ANOVA) in SAS using 
the PROC ANOVA function, in order to determine the independent variables to 
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include in each of the separate general linear models for the dependent variables 
Race Time, Speed and Rank. ANOVA involves partitioning the observed variation in 
a particular variable into components of variation between and within different 
groups or classes.  
 
The model building process was performed at the Swedish University of 
Agricultural Sciences (SLU) (Uppsala, Sweden) (E. Strandberg). The GLM procedure 
in SAS (SAS Institute Inc., 2002-2010) uses the method of least squares to fit 
general linear models. Using the performance data for a race distance of 480 m 
only (n = 481,882 race performance results), the PROC GLM function in SAS was 
used to fit a general linear model for the dependent variable Race Time over 480 
m, with independent variables: Sex (males = 1, females = 2), BirthYrInd (2001 - 
2011), Ndogs (4 - 6), Trap (1 - 6), StadiumID (1 - 26), MYStad (1,509 levels) and a 
cubic regression to analyse the influence of the covariate RacingAge (15 - 98 
months). Similarly, the PROC GLM function was used to fit two separate general 
linear models for the dependent variables Speed over all distances and Rank over 
all distances, respectively. Both of these models contained the independent 
variables: Sex (males = 1, females = 2), BirthYrInd (2001 - 2011), RaceType (1 -4), 
Ndogs (4 - 6), Trap (1 - 6), StadiumID (1 - 26), MYStad (1,509 levels) and cubic 
regressions to analyse the influence of the covariates RacingAge (15 - 98 months) 
and RaceDist (220 m to 1,080 m).  
 
Due to the large data set produced in the present study, computational limits of 
the SAS software prevented inclusion of the independent variable RaceID (319,219 
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levels) to investigate the environmental influence of individual race event on 
racing performance. Consequently, the effect of month-year-stadium combination, 
MYStad (1,509 levels), was examined to investigate the combined environmental 
effects of stadium and seasonal climatic conditions on Greyhound race 
performance, as detailed in Chapter 2.1.3.2. 
 
The PROC GLM function in SAS was used to perform three separate analyses on 
each of the three models, in order to investigate the  influence of specific 
environmental (non-genetic) factors on the performance traits Race Time over 480 
m, and Speed and Rank over all distances, in British Greyhounds. 
 
3.4. Results 
 
3.4.1. Summary Statistics 
 
The distribution of race performance records per dog during a five-year period 
from 1st January 2008 to 31st December 2012 is displayed in Figure 3.1.  
 Figure 3.1. The distribution of number of race performance records per dog 
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The mean, standard deviation (SD), minimum and maximum values for the 
performance traits Race Time, Speed and Rank are displayed in Table 3.1 and Table 
3.2 for performance results over a race distance of 480 m and for results over all 
race distances, respectively. 
 
Performance Trait N Mean SD Min Max 
Race Time (s) 481882 29.86 0.59 27.39 41.53 
Speed (m/s) 481882 16.08 0.32 11.55 17.52 
Rank 481882 3.47 1.70 1.00 6.00 
 
Table 3.1. Number of race performance results (N), mean, standard deviation (SD), 
minimum (Min) and maximum (Max) values for the performance traits Race Time 
(s), Speed (m/s) and Rank (1 - 6) over a race distance of 480 m in British racing 
Greyhounds. 
 
Performance Trait N Mean SD Min Max 
Race Time (s) 1711489 29.36 3.96 13.28 71.56 
Speed (m/s) 1711489 16.01 0.41 10.99 17.93 
Rank 1711489 3.47 1.70 1.00 6.00 
 
Table 3.2. Number of race performance results (N), mean, standard deviation (SD), 
minimum (Min) and maximum (Max) values for the performance traits Race Time 
(s), Speed (m/s) and Rank (1 - 6) in British racing Greyhounds over all race 
distances (220 m to 1,080 m). 
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The mean, SD, minimum and maximum values for the performance traits Race 
Time, Speed and Rank, are displayed in Table 3.3 for performance results within 
RaceType 1 (race distances ≤ 305 m), RaceType 2 (race distances > 305 m and < 
539 m), RaceType 3 (race distances ≥ 540 m and ≤ 700 m) and RaceType 4 (race 
distances > 700 m). 
 
Performance 
Trait 
Race 
Type N Mean SD Min Max 
Race Time (s) 1 38765 16.76 1.01 13.28 20.37 
2 1534968 28.83 1.96 22.76 41.53 
3 128789 38.01 2.78 33.07 49.61 
  4 8967 49.3 4.22 42.33 71.56 
Speed (m/s) 1 38765 16.3 0.55 12.78 17.93 
2 1534968 16.03 0.4 10.99 17.58 
3 128789 15.69 0.37 13.34 17.04 
  4 8967 15.44 0.41 14.19 17 
Rank 1 38765 3.47 1.71 1 6 
2 1534968 3.47 1.7 1 6 
 
3 128789 3.47 1.7 1 6 
  4 8967 3.45 1.7 1 6 
 
Table 3.3. Number of race performance results (N), mean, standard deviation (SD), 
minimum (Min) and maximum (Max) values for the performance traits Race Time 
(s), Speed (m/s) and Rank (1 - 6) in British racing Greyhounds according to Race 
Type (1 - 4). Where: Race Type 1 = race distances ≤ 305 m; Race Type 2 = race 
distances > 305 m and < 539 m; Race Type 3 = race distances ≥ 540 m and ≤ 700 m; 
Race Type 4 = race distances > 700 m. 
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3.4.2. Influence of Non-Genetic (Environmental) Factors on the Race 
Performance of British Greyhounds 
 
Table 3.4 displays the results of the univariable analyses of the influence of various 
environmental variables on each measure of Greyhound performance. 
 
Table 3.4. Results of the univariable analyses of the influence of various 
environmental (non-genetic) variables on the performance measures Race Time 
(over a 480 m distance), Speed and Rank (over all distances). F Values and p - 
values are given. A grey coloured block indicates that the variable was not tested. 
 PERFORMANCE MEASURE 
ENVIRONMENTAL 
VARIABLE 
Race Time  
(480 m distance) 
Speed  
(all distances) 
Rank  
(all distances) 
Sex F Value  6487.94 
Pr > F = < 0.0001 
F Value: 24497.4 
Pr > F = < 0.0001 
F Value: 332.23 
Pr > F = < 0.0001 
BirthYrInd F Value: 833.83 
Pr > F = < 0.0001 
F Value: 1585.92 
Pr > F = < 0.0001 
F Value: 92.86 
Pr > F = < 0.0001 
RaceType  F Value: 42260.4 
Pr > F = < 0.0001 
F Value: 0.63 
Pr > F = 0.5969 
Ndogs F Value: 316.02 
Pr > F = < 0.0001 
F Value: 13.11 
Pr > F = < 0.0001 
F Value: 0.23 
Pr > F = 0.7906 
Trap F Value: 9.02 
Pr > F = < 0.0001 
F Value: 41.06 
Pr > F = < 0.0001 
F Value: 546.71 
Pr > F = < 0.0001 
Stadium F Value: 12847.4 
Pr > F = < 0.0001 
F Value: 69922.1 
Pr > F = < 0.0001 
F Value: 1.35 
Pr > F = 0.1143 
MYStad F Value: 420.03 
Pr > F = < 0.0001 
F Value: 1446.99 
Pr > F = < 0.0001 
F Value: 0.06 
Pr > F = 1.0000 
RacingAge F Value: 93.56 
Pr > F = < 0.0001 
F Value: 212.74 
Pr > F = < 0.0001 
F Value: 33.56 
Pr > F = < 0.0001 
RaceDist  F Value: 11810.1 
Pr > F = < 0.0001 
F Value: 0.20 
Pr > F = 1.0000 
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In analysis of the multivariable models, the non-genetic (environmental) factors of 
Sex (p < 0.0001), BirthYr (p < 0.0001), Ndogs (p < 0.0001), Trap (p < 0.0001), 
Stadium (p < 0.0001), MYStad (p < 0.0001) as well as the covariate RacingAge (p < 
0.0001), RacingAge2 (p < 0.0001) and RacingAge3 (p < 0.0001), were found to be 
significantly associated with the performance trait Race Time over a 480 m race 
distance.  
 
For the complete data set including races over all distances, the environmental 
factors of Sex (p < 0.0001), BirthYr (p < 0.0001), RaceType (p < 0.0001), Ndogs (p < 
0.0001), Trap (p < 0.0001), Stadium (p < 0.0001) and MYStad (p < 0.0001), as well 
as the covariates RacingAge (p < 0.0001), RacingAge2 (p < 0.0001), RacingAge3 (p < 
0.0001), RaceDist (p < 0.0001), RaceDist2 (p < 0.0001) and RaceDist3 (p < 0.0001), 
were found to be significantly associated with the performance trait Speed.  
 
The environmental factors of Sex (p < 0.0001), BirthYr (p < 0.0001), Trap (p < 
0.0001), MYStad (p < 0.0001) and the covariate RacingAge (p < 0.0005) were 
significantly associated with the performance trait Rank. Environmental factors of 
RaceType, Stadium and the covariates RacingAge2, RacingAge3, RaceDist, RaceDist2 
and RaceDist3 had no statistically significant effect (p > 0.05) on Rank. 
 
The direction of significance for each factor is described in Chapters 3.4.2.1 to 
3.4.2.9.   
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The results of the multivariable model analyses are summarised in Table 3.5.  
 
Table 3.5. Summary of all the environmental (non-genetic) variables tested and 
the statistical significance of results on race performance measures in British 
Greyhounds. Where: n.s. = not significant p > 0.05; * = significant p < 0.0005; ** = 
significant p < 0.0001. A grey coloured block indicates that the effect was not 
tested. 
 
 
 
 
 
  
 PERFORMANCE MEASURE 
ENVIRONMENTAL 
VARIABLE 
Race Time  
(480 m distance) 
Speed  
(all race distances) 
Rank  
(all race distances) 
Sex ** ** ** 
BirthYrInd ** ** ** 
RaceType  ** n.s. 
Ndogs ** **  
Trap ** ** ** 
Stadium ** **  
MYStad ** ** ** 
RacingAge ** ** * 
RacingAge2 ** ** n.s. 
RacingAge3 ** ** n.s. 
RaceDist  ** n.s. 
RaceDist2  ** n.s. 
RaceDist3  ** n.s. 
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3.4.2.1. Sex of the Greyhound (Sex) 
 
The ratio of sexes in the data set was almost 1:1, with male dogs comprising 
55.52% (n = 950,184) and female dogs 44.48% (n = 761,305) of the total race 
results. The sex of the Greyhound was found to be significantly associated with the 
traits Race Time over 480 m (p < 0.0001), Speed (p < 0.0001) and Rank (p < 0.0001) 
over all distances. Male Greyhounds had lower race times, faster mean speeds and 
better rank finish positions than female Greyhounds. The mean monthly racing 
speeds of male and female Greyhounds during the five-year period from 2008 to 
2012 are displayed in Figure 3.2, indicating faster mean speeds for male racing 
Greyhounds for each month of each year compared to females. In addition, Figure 
3.2 demonstrates a phenotypic improvement in the mean racing speed of both 
male and female British Greyhounds over the five-year study period, from 16.00 
m/s to 16.10 m/s and from 15.91 m/s to 15.99 m/s, respectively. 
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Figure 3.2. The mean monthly racing speeds (m/s) of male (n = 950,184 performance results) and female (n = 761,305 performance 
results) British racing Greyhounds over all race distances (220 m to 1,080 m) during a five-year period from 2008 to 2012.
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3.4.2.2. Greyhound Birth Year (BirthYrInd) 
 
The birth year of the Greyhound (2001 - 2011) was found to be significantly 
associated with the traits Race Time over 480 m (p < 0.0001), Speed (p < 0.0001) 
and Rank (p < 0.0001) over all distances, with increasing performance as year of 
birth increases. The mean racing speed according to birth year of the dog is 
displayed in Figure 3.3, and demonstrates an increase in mean speed with each 
successive birth year from 2001 to 2010, with a decline in mean speed for 
Greyhounds born in 2011. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.3. The mean racing speed (m/s) of British Greyhounds 
during a five-year period from 2008 to 2012, according to birth year of the dog.
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2010 2011
N=107671 N=11009  
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3.4.2.3. Greyhound Racing Age (RacingAge) 
 
The average age of British Greyhounds at each race start (n = 1,711,489 
performance results) ranged from 15 months (1.25 years) to 98 months (8.16 
years) of age (Figure 3.4), with a mean racing age of 36 months (three years). 
Racing age was found to be significantly associated with the traits Race Time (p < 
0.0001) over 480 m, Speed (p < 0.0001) and Rank (p < 0.0005) over all distances, 
with a decline in performance with advancing age. The mean racing speed of male 
and female Greyhounds according to racing age is displayed in Figure 3.5, and 
indicates a faster mean speed in male Greyhounds of all ages compared to 
females. Both male and female Greyhounds appear to improve in speed from the 
start of their racing career to approximately 25 months of age, then decreased 
gradually in speed at similar rates over the next 45 months. 
 
The mean race time of male and female Greyhounds over a 480 m race distance 
according to racing age is displayed in Figure 3.6, and indicates a lower mean race 
time in male Greyhounds of all ages compared to females. Both male and female 
Greyhounds appear to improve in race time from the start of their racing career to 
approximately 30 months of age, then declined gradually in race time at similar 
rates over the next 40 months. 
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Figure 3.4. The distribution of age of the dog in months at the time of race, per race start, in British Greyhounds (n = 
1,711,489 performance results) over a five-year period from 2008 to 2012. 
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Figure 3.5. Mean race speed (m/s) with respect to racing age (months) in male (n = 950,184 performance results) and female (n = 761,305 
performance results) British Greyhounds over all race distances (220 m to 1,080 m) during a five-year period from 2008 to 2012. 
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Figure 3.6. Mean race time (s) over a 480 m race distance with respect to racing age (months) in male and female British 
Greyhounds (n = 481,882 performance results) during a five-year period from 2008 to 2012.
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3.4.2.4. Number of Dogs in the Race (Ndogs) 
 
In the complete data set, 0.25% (n = 4,235) of performance results consisted of 
four-dog races; 5.14% (n = 87,927) consisted of five-dog races; and 94.62% (n = 
1,619,327) consisted of six-dog races. The number of dogs (4 - 6) in the race was 
found to be significantly associated with the traits Race Time over 480 m (p < 
0.0001) and Speed (p < 0.0001) over all distances, with greater performance with 
increased numbers of Greyhounds in the race. The mean racing speed according to 
number of dogs in the race is displayed in Figure 3.7. Overall, race times were 
lower and mean speeds faster when there were five dogs competing in a race, 
where as race times were higher and mean speeds slower when there were four 
dogs in the race.  
 
  
Figure 3.7. The mean racing speed 
distances (220 m to 1,080 m) during 
race. Error bars indicate the standard error of the mean.
15.950
15.960
15.970
15.980
15.990
16.000
16.010
16.020
4
M
e
a
n
 
S
p
e
e
d
 
(
m
/
s
)
N = 4,235
(m/s) of British Greyhounds (n = 1,711,489 performance results) 
a five-year period from 2008 to 2012, according to number o
5 6
Number of Dogs in Race
N = 87,827 N = 1,619,327
177 
 
 
over all race 
f dogs (4-6) in the 
 178 
 
 
3.4.2.5. Starting Trap Number (Trap) 
 
The starting trap number (1 - 6) of the Greyhound was found to be significantly 
associated with the traits Race Time over 480 m (p < 0.0001), Speed (p < 0.0001) 
and Rank (p < 0.0001) over all distances, with decreasing performance as the trap 
number increased. The mean racing speed according to trap number is displayed 
in Figure 3.8, and indicates fastest mean speeds for Greyhounds starting from 
traps one and six; the traps closest to the inner and outer rail of the track, 
respectively. Similar results were found for Race Time over 480 m. The mean rank 
finish position according to trap number is displayed in Figure 3.9, and 
demonstrates a lower rank value (equivalent to a better finish position, where a 
rank of one is the winner of the race) for Greyhounds starting from trap number 
one. Greyhounds starting from trap number five had slowest mean speeds and 
worst mean rank values. 
  
Figure 3.8. The mean racing speed (m/s) of British Greyhounds 
distances (220 m to 1,080 m) during 
the race. Error bars indicate the standard error of the mean.
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period from 2008 to 2012, according to starting trap number 
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3.4.2.6. Greyhound Stadium (StadiumID) 
 
The distribution of race performance results according to Greyhound stadium (1 - 
26) is displayed in Figure 3.10. The stadium of the race was found to be 
significantly associated with the traits Race Time over 480 m (p < 0.0001) and 
Speed (p < 0.0001) over all distances, and had no significant effect on Rank (p > 
0.05). The distribution of mean racing speed according to stadium is displayed in 
Figure 3.11, indicating considerable variation between the 26 race tracks. Stadium 
number eight and stadium number six demonstrate fastest and slowest mean 
speeds of 16.66 m/s and 15.33 m/s, respectively. There were 12 race tracks in the 
subset of data consisting of 480 m race distances, with fastest and slowest mean 
race times of 15.76 s and 16.73 s, respectively. 
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Figure 3.10. The distribution of British Greyhound race performance results (n = 1,711,489) 
according to Greyhound stadium (1 - 26), over a five-year period from 2008 to 2012.  
 Figure 3.11. The mean racing speed (m/s) of British Greyhounds 
m) during a five-year period from 2008 to 2012, according to race stadium
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3.4.2.7. Effect of Season and Stadium (MYStad) 
 
The influence of both season and stadium on racing performance was examined 
through analysis of the effect of month-year-stadium (MYStad) combination of the 
race. MYStad was found to be significantly associated with the traits Race Time (p 
< 0.0001) over 480 m, Speed (p < 0.0001) and Rank (p < 0.0001) over all distances. 
The monthly mean race time (s) over a 480 m race distance and monthly mean 
racing speed (m/s) across all race distances are displayed in Figure 3.12 and Figure 
3.13, respectively, indicating seasonal variation in performance associated with 
monthly mean temperature in the UK. Mean race times and racing speeds were 
slower in winter months (October to March) when temperatures were lower, and 
faster in summer months (April to September) when temperatures were higher.  
 
In addition, Figure 3.12 demonstrates an overall phenotypic improvement in the 
race time of British Greyhounds over a 480 m race distance during the five-year 
study period, from 29.98 s to 29.74 s. Similarly, Figure 3.13 demonstrates an 
overall phenotypic improvement in the racing speed of British Greyhounds during 
the five-year period, from 15.96 m/s to 16.05 m/s.  
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Figure 3.12. The monthly phenotypic mean race times (s) for British racing Greyhounds over a race distance of 480 
m (n = 481,882 performance results) during a five-year period from 2008 to 2012, and the monthly mean 
temperature (degrees Celsius) in the UK. Temperature data obtained from DUKES (2014).  
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Figure 3.13. The monthly phenotypic mean speeds (m/s) for British racing Greyhounds, based on all performance results (n = 1,711,489) 
across all race distances (220 m to 1,080 m) in a five-year period from 2008 to 2012, and the monthly mean temperature (degrees 
Celsius) in the UK. Temperature data obtained from DUKES (2014).  
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3.4.2.8. Type of Race (RaceType) 
 
In the complete data set, 2.26% (n = 38,765) of performance results were classified 
as RaceType 1; 89.69% (n = 1,534,968) as RaceType 2; 7.52% (n = 128,789) as 
RaceType 3; and 0.52% (n = 8,967) as RaceType 4. The type of race (1 - 4) was 
found to be significantly associated with Speed (p < 0.0001), and had no significant 
effect on Rank (p > 0.05). The mean racing speed according to race type is 
displayed in Figure 3.14, and demonstrates a decrease in Greyhound speed with 
increasing race distance and number of bends to negotiate during the race. The 
effect of Race Type on the trait Race Time over 480 m was not examined, as all 
races in this subset of data were of the same distance over a four-bend race, and 
were therefore classified as RaceType 2.  
 
3.4.2.9. Distance of Race (RaceDist) 
 
The distance of the race (220 m to 1,080 m) was significantly associated with 
Speed (p < 0.0001), with a decline in mean speed as the race distance increases. 
The distance of the race had no significant effect on Rank (p > 0.05). The mean 
racing speed (m/s) according to race distance is displayed in Figure 3.15, and 
indicates a general trend of lower mean speeds for longer race distances. Fastest 
mean speeds of 17.00 m/s were observed for a race distance of 285 m, and 
slowest means speeds of 14.89 m/s were observed for a race distance of 946 m. 
 
  
Figure 3.14. The mean racing speed (m/s) 
1,080 m) during a five-year period from 2008 to 2012, 
= race distances > 305 m and < 539 m; Race Type
bars indicate the standard error of the mean.
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Figure 3.15. The mean racing speed (m/s) of British Greyhounds (n = 1,711,489 performance results) over a five-year period from 2008 to 
2012, according to race distance (220 m to 1,080 m).
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3.5. Discussion 
 
The study aimed to investigate various environmental (non-genetic) influences on 
British racing Greyhound performance through analysis of the largest data set of 
Greyhound phenotypic information and race performance results to date, 
consisting of a total of 1,711,489 race performance records for 50,452 individual 
Greyhounds. 
 
3.5.1. Sex of the Greyhound (Sex) 
 
The data set consisted of 55.52% (n = 950,184) male and 44.48% (n = 761,305) 
female Greyhound performance results. This is similar to the male:female ratio 
reported by Taubert et al. (2007) for Greyhounds racing in Ireland, in which 54% of 
dogs were male and 46% female. In the present study, the sex of the Greyhound 
was found to be significantly associated with each of the performance traits Race 
Time (p < 0.0001), Speed (p < 0.0001) and Rank (p < 0.0001). Male dogs achieved 
lower mean race times, faster mean speeds and better mean rank finish positions 
compared to females. The results of the study are similar to those reported by 
Taubert et al. (2007) for racing Greyhounds in Ireland over a 480 m race distance, 
and Meissen (1997) for the racing performance of Whippets. Taubert et al. (2007) 
reported a statistically significant effect of sex (p ≤ 0.001) on both Race Time and 
Rank, with least-squares mean values of 30.03 s for males and 30.15 s for females 
for Race Time, and of 3.35 for males and 3.56 for females for Rank. Ryan (1976), 
however, found no significant effect of sex on the racing performance of 
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Greyhounds in Ireland over a 480 m race distance. The influence of gender on the 
racing performance of British Greyhounds has not previously been reported. 
 
Several studies have reported a statistically significant association between sex 
and race performance in Thoroughbred racehorses (Ekiz et al., 2005a,b; Mota et 
al., 1998, 2005; Svobodova et al., 2005), with males achieving faster race times 
(Ekiz et al., 2005a,b; Mota et al. 1998, 2005) and higher earnings (Ekiz et al., 
2005b; Svobodova et al., 2005) compared to females. Oki et al. (1994), however, 
reported mixed results on dirt and turf tracks, with females faster than males on 
turf tracks, and males faster than females on dirt tracks for all distances except 
1,200 m. Bakhtiari and Kashan (2009) found no significant effect of sex on Race 
Time and Rank in the Iranian Thoroughbred horse. 
 
In the present study, the differences in speed and race performance between 
sexes is likely to reflect differing physiological characteristics of male and female 
dogs (Jelinek, 1988). In addition, there are reported variations in female 
Greyhound performance according to their stage of oestrus cycle. Payne (2013b) 
identified a decline in Greyhound racing performance between 41 and 56 days 
post-oestrus, with a gradual return to baseline performance levels by 
approximately 80 to 100 days post-oestrus. In the UK, female Greyhounds are not 
permitted to take part in a race or trial at a licensed stadium for a minimum period 
of 21 days from the start of oestrus (Greyhound Board of Great Britain, 2014). 
Payne (2013b), however, suggested that a minimum post-oestrus rest period of 70 
days may be more appropriate. It is common practice in the UK to suppress 
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oestrus in female Greyhounds using hormonal medications, in order to prevent the 
decline in performance associated with oestrus and to avoid the requirement for 
time off from racing (Greyhound Board of Great Britain, 2009; Payne, 2013b). 
Licensed veterinary medicines available for the suppression of oestrus in bitches 
may be inappropriate for use in racing Greyhounds due to their anecdotal effects 
on Greyhound health, welfare and racing performance (Greyhound Board of Great 
Britain, 2014; Payne, 2013b). Consequently, oestrus is frequently suppressed in 
racing bitches using the human medication norethisterone, a synthetic form of the 
hormone progesterone, which is prescribed by a veterinary surgeon under the 
Veterinary Medicines Directorate (VMD) Cascade system. There have been no 
reported studies, however, investigating the effects of long-term season 
suppression on the health and welfare of the racing Greyhound. 
 
The present study has identified considerable differences in Greyhound speed and 
racing performance between sexes. There are, however, similar numbers of male 
and female dogs competing in licensed races in the UK. During the study period of 
2008 to 2012, male dogs accounted for 950,184 (55.52%) race performance results 
and female dogs accounted for 761,305 (44.48%) results. It appears, therefore, 
that the current demand for female Greyhounds within the British racing industry 
is relatively high.  
 
In the UK, licensed Greyhound races are graded so that dogs of similar abilities, 
both male and female, are competing against each other. Each dog taking part in a 
race should have a reasonable chance of winning, regardless of sex, in order to 
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increase the difficulty of betting. Consequently, competitive mixed male and 
female Greyhound races are possible despite the overall performance variations 
between sexes.  
 
A limitation of each of the models is that they assume each race start is 
independent. There is, however, clustering of the data, as the same dog can 
appear more than once in the performance results for each race start it completes 
during the study period. 
 
3.5.2. Greyhound Birth Year (BirthYrInd) 
 
The birth year of the dog was found to be significantly associated with each of the 
performance traits Race Time (p < 0.0001), Speed (p < 0.0001) and Rank (p < 
0.0001), with Greyhounds born later performing better. Figure 3.3 demonstrates 
an increase in Greyhound mean speed with each successive birth year from 2001 
to 2010. This indicates that there is likely to be genetic improvement in this trait 
within the Greyhound population over time, as a result of the selective breeding 
practiced. British Greyhounds usually start their racing career at 15 to 18 months 
of age. Consequently, the apparent decline in mean speed for Greyhounds born in 
2011 may be explained by the fact that these dogs were not yet born or had not 
yet started racing at the time of data collection from 2008 to 2011, and would 
have been at the start of their racing career and therefore relatively inexperienced 
at the time of data collection in 2012. The influence of birth year on Greyhound 
racing performance has not previously been reported. 
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3.5.3. Greyhound Racing Age (RacingAge) 
 
The racing age of British Greyhounds ranged from 15 months (1.25 years) to 98 
months (8.16 years) of age at the time of the race, with a mean racing age of 36 
months (three years). Of the total races, 16% involved Greyhounds aged two years 
or younger; 57% were by Greyhounds aged three years or younger; 86% involved 
Greyhounds aged four years or younger; and overall 97% of races were by 
Greyhounds aged five years or younger at the time of the race. Taubert et al. 
(2007), however, reported a considerably different age distribution of racing 
Greyhounds in Ireland, with over 50% of Greyhounds aged two years or younger, 
and in total over 90% of Greyhounds were aged three years or younger at the time 
of the race.  
 
In the present study, racing age was found to be significantly associated with the 
traits Race Time (p < 0.0001) over 480 m, Speed (p < 0.0001) and Rank (p < 0.0005) 
over all distances. Faster mean speeds and lower race times were observed for 
male Greyhounds of all ages compared to females. Both male and female racing 
Greyhounds improved in speed from the start of their racing career to 
approximately 25 months of age, then decreased gradually in speed at similar 
rates over the next 45 months. Similarly, both male and female Greyhounds 
improved in race time from the start of their racing career to approximately 30 
months of age, then increased gradually in race time (declined in performance) at 
similar rates over the next 40 months. The lower age of maximum performance for 
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the trait Speed may be explained by the inclusion of longer distance races (up to 
1,080 m) in the data set. As Greyhounds gain more experience of racing, with 
increasing age, they may start to compete in races over longer distances in which 
lower mean speeds would be expected.  
 
Experience of the Greyhound affects skill development and race performance. 
Similar to skill performance development in other animal species and in humans, 
the initial performance of a Greyhound is low at the start of their racing career, 
then increases over time with growth, adaptation and learning until reaching a 
peak. Performance then decreases with advancing racing age as a result of 
senescence or physiological deterioration. Helton (2009) examined changes in 
running performance of 14 elite racing Greyhounds in the USA, whilst controlling 
for changes in body weight, and found that a Greyhound’s running skill 
development and performance exhibited marked improvement with increasing 
race experience. Greyhounds reached peak performance levels at an average of 
2.4 years of age (Helton, 2009), with the time from initiation of racing career to 
achieving peak performance representing 9.1% of the average species lifespan of 
8.2 years (Hayashidani et al., 1988). Helton (2009) concluded that the length of 
time required for skill development relative to species lifespan is similar between 
canine and human sprint track athletes. In the present study, British Greyhounds 
reached peak performance at a slightly earlier mean age of 2.08 years.  
 
Similar results have been reported by Ryan (1976) and Taubert et al. (2007) for 
racing Greyhounds in Ireland, and by Meissen (1997) for racing Whippets. Taubert 
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et al. (2007) reported a statistically significant effect of racing age on the traits 
Racing Time (p ≤ 0.001) and Ranking (p ≤ 0.01) for racing Greyhounds in Ireland 
over a 480 m distance, with Greyhounds of both sexes improving their race time 
until 30 months of age, remaining stable for 10 months, and then declining in 
speed from 40 months of age. In contrast to the present study, however, Taubert 
et al. (2007) reported that female Greyhounds demonstrated a steeper increase in 
race time (decline in speed) than males. This may be due to higher selection 
intensity in male Greyhounds compared to females, as a larger number of females 
are required for breeding than males (Taubert et al., 2007). As a result, fast older 
male dogs would continue racing, where as a large proportion of fast older females 
are likely to retire from racing and be used for breeding. The differences in decline 
in speed between male and female British and Irish Greyhounds may be explained 
by variations in the racing industries of the two countries. A large number of racing 
Greyhounds are bred in Ireland, to supply both the Irish and the British racing 
industries. In contrast, British-bred Greyhounds account for only 25% of 
Greyhounds racing in the UK (APGAW, 2007; Donoughue, 2007). Consequently, a 
considerably larger number of Greyhounds would be required for breeding 
purposes in Ireland, compared to the UK. As Greyhounds are traditionally bred 
based on phenotypic racing performance, the faster older females may be selected 
for breeding in Ireland and therefore retired from racing once they have reached 
peak performance. British Greyhound breeding, however, takes place on a 
considerably smaller scale. Consequently, the fast older British females may be 
less likely to retire from racing for breeding purposes after reaching peak 
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performance, and more likely to continue their racing careers in a similar manner 
to the older male dogs. 
 
Several authors have reported a statistically significant association between age 
and racing performance in the Thoroughbred horse (Ekiz and Kocak, 2007; Mota et 
al., 2005; Oki et al., 1994); the trotter horse (Thiruvenkadan et al., 2009b); and 
dressage performance of sport horses (Stewart et al., 2010). Mota et al. (2005) 
reported that excluding the 1,100 m distance, Thoroughbred horses of four years 
of age were significantly faster (0.13 s) than horses of other ages for all distances 
analysed (1,000 m, 1,200 m, 1,300 m, 1,400 m, 1,500 m and 1,600 m), with 
considerable superiority of 0.164 s and 0.22 s at greater distances of 1,500 m and 
1,600 m, respectively. In contrast, Mota et al. (1998) reported a non-significant 
effect of age on racing performance of the Thoroughbred horse. This study, 
however, considered only the racing time of winning horses. 
 
3.5.4. Number of Dogs in the Race (Ndogs) 
 
The number of dogs (4 - 6) in the race was found to be significantly associated with 
the performance traits Race Time (p < 0.0001) and Speed (p < 0.0001). The effect 
of Ndogs on the performance trait Rank was not analysed, as all rank finish 
positions were adjusted prior to analysis (AdjRank) as detailed in Chapter 2.1.3.5, 
to account for races with differing numbers of participants.  
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Fastest mean speeds were observed when five dogs were competing in a race. This 
may be due to reduced crowding of the Greyhounds on the track with five-dog 
compared to six-dog races. Collisions or bumps between dogs are common during 
a race, particularly at the first bend where crowding tends to be greatest. Such 
incidents will often affect the dog's performance in the race, and may potentially 
result in injury. Consequently, having fewer numbers of dogs in the race will 
reduce crowding and the risk of collision or interference by other Greyhounds, 
which may result in greater race performance.  
 
Slowest mean speeds, however, were observed when there were four dogs in a 
race. It may be expected that races consisting of only four Greyhounds would 
result in greater individual dog performance compared to five-dog or six-dog races, 
as there is less chance of crowding, collision or dog interference during the race. 
One possible explanation of this result is that Greyhounds are very competitive, 
with a strong instinct to chase and catch their prey. With only four dogs in a race 
there may be less perceived competition between dogs to chase and 'catch' the 
artificial lure. Consequently, this may result in slower racing speeds. The influence 
of number of dogs in the race on Greyhound racing performance has not 
previously been reported. 
 
3.5.5. Starting Trap Number (Trap) 
 
The starting trap number (1 - 6) was found to be significantly associated with the 
traits Race Time over 480 m (p < 0.0001), Speed (p < 0.0001) and Rank (p < 0.0001) 
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over all distances. At all Greyhound stadiums in the UK, starting trap one is nearest 
to the inner rail and trap six is nearest to the outer perimeter of the track. Racing 
Greyhounds will often display a preference for where they wish to run on the 
track; some preferring to run close to the inner rail and others preferring to run 
towards the middle or 'wide'. A wide-running Greyhound placed in starting trap 
one, for example, will often cross over to the other side of the track almost 
immediately after release from the trap, therefore risking collision with other dogs 
during high-speed acceleration. The allocation of starting trap number by the 
Racing Manager therefore takes into consideration the preference of the 
Greyhound for where they tend to run on the track, in order to minimise the risk 
of collision and injury to the dogs. An exception to this is a 'draw for traps' race, in 
which starting trap numbers are randomly allocated.  
 
In the present study, Greyhounds achieved fastest mean speeds and best mean 
rank positions when starting from trap number one. Greyhounds starting from 
trap number five had slowest mean speeds and worst mean rank values. In any 
one race, the dogs running closer to the inner rail would effectively run a shorter 
race distance compared to those running towards the middle or outer perimeter 
of the track. This may account for the increased mean speed and better mean rank 
position of Greyhounds starting from trap one. Dogs starting from trap six, closest 
to the outer perimeter of the track, would effectively run a longer race distance 
compared to other dogs in the race if they continued to run close to the outer rail. 
Trap six, however, was associated with the second fastest mean speeds. A possible 
explanation of this result is that dogs running close to the inner or outer rail of the 
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track may encounter less interference or collisions with other dogs, compared to 
those running towards the centre of the track with other Greyhounds running 
either side. Another reason may be the location of the artificial lure, which runs 
around the inner rail or outer rail of the track, depending on stadium. Dogs 
starting the race from a position nearest to the artificial lure, therefore from trap 
one or trap six, depending on stadium, may demonstrate faster mean speeds due 
to their proximity to the 'prey'. A third possible explanation is that due to the non-
random allocation of Greyhound to starting trap number by the Racing Manager, 
Greyhounds with a clear preference for running very close to the rails or very wide 
towards the outer perimeter of the track may be more likely to receive their 
preferred starting trap of one or six, respectively. The Greyhounds with a 
preference for running in the middle of the track may be considered more 
ambiguous, and therefore allocated any of starting traps two to five.  
 
The influence of starting trap number on the racing performance of Greyhounds 
has not previously been reported. 
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3.5.6. Greyhound Stadium (StadiumID) 
 
The stadium of the race was found to be significantly associated with Race Time (p 
< 0.0001) and Speed (p < 0.0001), in concordance with the findings of Ryan (1976) 
and Taubert et al. (2007) investigating race performance of Greyhounds in Ireland, 
and of Meissen (1997) investigating racing performance of whippets. Greyhounds 
in the UK race in an anticlockwise direction around an elliptical track. In the 
present study, a 1.33 m/s difference in speed between the fastest and slowest 
race tracks was observed. In the 12 tracks holding races over a 480 m race 
distance, there was a 0.97 s difference in race time between the fastest and 
slowest tracks. Similar results were obtained in the study by Taubert et al. (2007), 
which reported a 0.8 s difference in race time over a 480 m distance between the 
fastest and slowest race tracks in Ireland. In a study of racing Whippets, Meissan 
(1997) reported a difference in race time of 2.38 s between fastest and slowest 
tracks.  
 
In the present study, a possible explanation of the observed difference in mean 
speeds between tracks is that British Greyhound stadiums vary considerably in 
terms of track design, circumference, radius of the bends, angles of inclination, 
track surface conditions and preparation methods; all of which may affect the 
racing speed of the dogs. The radius of a bend and degree of banking will affect 
the speed at which a Greyhound negotiates a bend, and the energy used by the 
dog (Cook, 1998; Gillette and Zebas, 1991). All Greyhound stadiums in the UK use 
sand-based surface material, however track surface depth, drainage systems, 
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preparation techniques and surface conditions vary considerably between tracks. 
Studies of racehorse stadiums have found that track surface conditions, such as 
substrate type, bulk density and moisture content, can influence performance by 
affecting racing speed (Field et al., 1993; Zebarth and Sheard, 1985).  
 
In the present study, the stadium of the race was found to have no significant 
effect on Rank (p > 0.05). This result is to be expected, as the rank finish position of 
a Greyhound is relative to the other dogs competing in that individual race, 
irrespective of overall speed or ability. All Greyhounds in a race are ranked from 
one to six, therefore similar numbers of first, second, third, fourth, fifth and sixth 
finish positions would be expected overall at a particular race track.  
 
3.5.7. Effect of Season and Stadium (MYStad) 
 
The influence of season, climatic conditions and variation between stadiums on 
racing performance was examined through analysis of the effect of month-year-
stadium combination of the race, MYStad (1,509 levels). The variable MYStad was 
found to be significantly associated with the traits Race Time (p < 0.0001) over 480 
m, Speed (p < 0.0001) and Rank (p < 0.0001) over all distances. Figure 3.13 displays 
the monthly mean racing speed across all race distances and the monthly mean 
temperature in the UK, indicating a close association between the two. Mean 
racing speeds were found to be slower in winter months (October to March) when 
ambient temperatures were lower, and faster in summer months (April to 
September) when temperatures were higher. Similar seasonal variation in mean 
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racing time over a 480 m distance was reported by Taubert et al. (2007) for racing 
Greyhounds in Ireland. 
 
The results of the present study may be explained by the physiology of skeletal 
muscle, whereby muscles work more effectively and more efficiently when they 
are warmer (Syme, 2005). In order to improve racing performance particularly in 
colder months, and potentially reduce the risk of injury (Blythe et al., 2007; 
Strickler et al., 1990), it is therefore important to ensure adequate warm-up of the 
Greyhound prior to racing. In addition, during colder periods it may be beneficial 
for the stadium to provide heated kennels for the Greyhounds, in order to 
maintain warmth of their skeletal musculature prior to specific pre-race warm-up 
procedures by the trainer. 
 
Variations in the consistency of the track surface, as a result of seasonal climatic 
conditions and changes in rainfall, may also affect the racing speed of the dog. 
Track conditions and racing speeds are thought to be affected by water content of 
the sand surface material, with the track running faster following light rain (or 
manual watering), but slower after heavier rainfall when the track becomes 
waterlogged (Cook, 1998; Iddon et al., 2014). Further work could involve the 
collection of monthly rainfall data over the study period of 2008 to 2012, 
according to stadium location. This information could be used to update the 
existing database, to enable additional analysis of the effect of seasonal rainfall on 
Greyhound racing performance.  
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3.5.8. Race Distance (RaceDist) and Type of Race (RaceType) 
 
In the present study, race distances varied considerably both within and between 
race tracks. The actual distance of the race (220 m - 1,080 m) was found to be 
significantly associated with Speed (p < 0.0001), with a decline in mean speed as 
the race distance increases. A difference in mean speed of 2.11 m/s between the 
fastest and slowest race distances was observed. Additionally, races were 
classified into four different Race Types according to race distance and number of 
bends encountered on the elliptical track. The type of race (1 - 4) was found to be 
significantly associated with Speed (p < 0.0001), with a decrease in mean speed 
with increasing race distance and number of bends to negotiate during the race. 
Racing Greyhounds are sprint animals, able to accelerate to speeds of up to 18 m/s 
in just a few seconds (Dobson et al., 1988). They are able to maintain this 
maximum speed, however, for only the first 250 m of a race. Following this, racing 
speed declines gradually for the remainder of the race due to increasing fatigue.  
 
Both race distance and race type were found to have no significant effect on Rank 
(p > 0.05). This result is to be expected, as the rank finish position (1 - 6) of a 
Greyhound is relative to the other dogs competing in that individual race, 
irrespective of race distance or type.  
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3.5.9. Conclusions 
 
In conclusion, in the largest study of its kind, the present study has identified a 
number of environmental (non-genetic) factors that are significantly associated 
with racing performance in British Greyhounds. The environmental factors of sex 
of the dog, Greyhound birth year, number of dogs in the race, starting trap 
number, stadium, month-year-stadium combination of the race and racing age of 
the dog were each found to be significantly associated with the performance traits 
Race Time over a 480 m distance and Speed over all distances. In addition, the race 
type and distance of the race were significantly associated with Speed over all 
distances. The factors of sex of the dog, Greyhound birth year, starting trap 
number, month-year-stadium combination of the race and racing age of the dog 
were significantly associated with Rank, where as factors of race type, race 
distance and stadium had no significant effect on Rank.  
 
The results of the study demonstrate an overall phenotypic improvement in the 
race time of British Greyhounds over a 480 m race distance during the five-year 
study period from 2008 to 2012 (Figure 3.12), from a mean race time of 29.98 s to 
29.74 s (improvement of 0.24 s). Similarly, there was an overall phenotypic 
improvement in racing speed of British Greyhounds during the five-year period 
(Figure 3.13), from a mean speed of 15.96 m/s to 16.05 m/s (improvement of 0.09 
m/s). This is equivalent to an improvement of 0.048 seconds per year in Race Time 
and 0.018 metres per second per year in Speed. Taubert et al. (2007) reported a 
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higher phenotypic improvement of 0.125 seconds per year for Race Time in Irish 
Greyhounds over a distance of 480 m, during a four-year period from 2000 to 
2003. It is not possible to attain a phenotypic improvement in Rank within the 
population, as a Rank of one (first) is always the highest.  
 
In Chapter Four, the results of this study will be used in combination with pedigree 
data to perform a genetic evaluation of race performance in British Greyhounds. 
Relevant environmental factors identified as significantly associated with racing 
performance will be accounted for in the calculation of variance components, 
estimated heritabilities and repeatabilities for the three performance traits, and in 
the calculation of EBVs for individual dogs.  
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Chapter Four. 
Genetic Analysis of Race 
Performance in British Greyhounds 
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4. Genetic Analysis of Race Performance in British Greyhounds 
 
4.1. Introduction 
 
4.1.1. Production of Greyhounds for the Racing Industry  
 
Greyhound racing is popular in the UK, both as a spectator sport and as an off-
course betting medium. Over the past decade, however, the welfare of British 
racing Greyhounds has received increased public and political interest. In particular, 
concern has been expressed regarding the number of Greyhounds that seem to 'go 
missing' before the start of their racing careers. The APGAW (2007) inquiry into the 
welfare of racing Greyhounds in England, as well as an independent review of the 
British Greyhound industry (Donoughue, 2007), highlighted that the industry 
produces a surplus of unwanted young dogs that do not make the grade to race. An 
estimated 6,000 to 12,000 young Greyhounds bred to supply the UK racing industry 
each year did not ever enter competitive racing, and were unaccounted for 
(APGAW, 2007). It is likely that the majority of these Greyhounds initially entered 
training programmes, but were later discarded due to inadequate performance, 
behavioural problems or disinterest in racing (APGAW, 2007). With no accurate 
data available to establish what happened to them, it is likely that a considerable 
number may have been euthanased (APGAW, 2007).  
 
The reports of the APGAW (2007) inquiry and independent review (Donoughue, 
2007) of the British Greyhound industry both recommend that urgent action is 
required to address the significant welfare issue of over-breeding and over-supply 
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of young Greyhounds for the racing industry. The majority (75%) of Greyhounds 
that race in the UK were originally bred in Ireland and later imported into the UK 
(APGAW, 2007). Current European Union trade regulations prevent import 
restrictions on the numbers of Irish-bred Greyhounds entering the UK. The British 
Greyhound industry was strongly advised, however, to consider the standards of 
breeding and the selection of traits for which Greyhounds are bred (APGAW, 2007; 
Donoughue, 2007).  
 
Over recent years, the British Greyhound racing industry and UK Government have 
taken substantial measures to improve the general welfare and traceability of 
racing Greyhounds in the UK. One of the most significant issues yet to be 
addressed, however, is the number of surplus young Greyhounds produced by the 
industry each year.  
 
4.1.2. Selection and Animal Breeding 
 
For centuries, Greyhounds have been subjected to intense selective breeding in an 
attempt to produce faster and better-performing dogs (Denny, 2008). The 
selection of Greyhounds for breeding, however, is currently based on their own or 
their relative’s phenotypic (observed) racing performance; a slow and inefficient 
method of animal improvement (Taubert et al., 2007). The objective of animal 
breeding is to accurately identify animals with ‘superior’ characteristics, and to 
select these individuals for breeding. Over the past 50 to 60 years, scientific 
methods of selection based on performance measurements and genetic 
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evaluations have become widely used in dairy and beef cattle, pig, poultry and 
sheep breeding; resulting in increased output, decreased costs, and improvements 
in the quality of animal products (Simm, 1998). 
 
In animal breeding, the majority of traits of economic importance are quantitative 
traits controlled by many different genes at different loci, and are also affected by 
non-genetic (environmental) influences. Modern animal breeding programmes aim 
to separate the effects of genotype and the environment, to enable the selection 
of animals with high genetic merit rather than those that perform well as a result 
of favourable environmental conditions. Methods of quantitative genetic analysis 
can be used to quantify and adjust records of performance for known 
environmental influences, and calculate EBVs for individual animals (Simm, 1998). 
The EBV estimates the proportion of superiority or inferiority in an individual's 
performance that is due to additive genetic effects, therefore enabling individual 
animals to be ranked according to their additive genetic merit. Targeted genetic 
selection based on EBVs enables breeders to produce animals of superior and 
predictable genetic merit, therefore minimising the over-breeding and wastage of 
young animals that do not perform as expected or required. The use of EBVs in the 
selection of individuals for breeding has been extremely successful in improving 
health, production, performance and trainability in many groups of animals, 
including sports horses, dairy cattle, beef cattle, guide dogs, pigs, poultry, sheep 
and fish (Bourdon, 2014; Famula, 2012; Simm, 1998). 
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In contrast to other animal groups, there are only three reported genetic studies 
investigating racing performance of the Greyhound (Desgorces et al., 2012; Ryan, 
1975; Taubert et al., 2007). Two of these studies analysed the performance of 
Greyhounds racing in Ireland. Importantly, there have been no previous genetic 
studies investigating the racing performance of British Greyhounds, and EBVs have 
not previously been calculated. 
 
4.1.3. Calculation of Estimated Breeding Value (EBV) 
 
The EBV of an animal is obtained by measurement of phenotypic performance of 
the individual and/or its relatives for a particular trait, and that of the population 
group in which it performs (Nicholas, 2003; Simm, 1998). An estimation of the h2 
of the trait being measured is required. A detailed performance recording system, 
accurate identification of individual animals and accurate pedigree records are 
essential. 
 
In the simplest case, the EBV of an individual can be predicted using a single record 
of their own performance. Following adjustment of performance records to take 
account of relevant environmental influences, the EBV is calculated as the 
deviation in performance of the individual (Px) from the contemporary group 
(Ppop), multiplied by the h
2 of the trait concerned: 
 
EBV = h2 x (Px – Ppop)   (Simm, 1998) 
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Using repeated records of performance from the same individual can increase the 
accuracy of breeding value estimation for that individual, and can increase the 
response to selection, depending on the repeatability of the trait concerned. 
Repeatability is defined as the proportion of the total phenotypic variation (σ2P) in 
a trait which is explained by the combined effects of additive (σ2GA) and non-
additive (σ2GNA) genetic variation and permanent environmental variation (σ
2
Ep). 
This can be expressed as: 
  
Repeatability =  σ + σ σ 
σ  
        (Simm, 1998) 
 
Repeatability measures the similarity between repeated performance records of 
the same trait, assuming that the performance measured at different times is 
controlled by the same genes. Similar to heritabilities, repeatabilities range from 
zero to one or from 0% to 100%. The higher the repeatability of a trait, the lower 
the value of using repeated records of performance from an individual in selection 
for that trait (Simm, 1998).  
 
The EBV of an individual can therefore be predicted using repeated records of their 
own performance. Following adjustment of performance records to take account 
of relevant environmental influences, the EBV is calculated as the mean deviation 
in performance of the individual (P) from the mean of the contemporary group 
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(P ), multiplied by a regression coefficient (b) which depends on the number of 
repeated records and on the h2 and repeatability of the trait concerned: 
  
EBV =  b x (P – P )                (Simm, 1998) 
 
In addition, the EBV of an individual can be predicted using performance records of 
their relatives. In the simplest case, using records of performance from the parents 
of the individual, the EBV of their offspring is calculated as:  
 
EBV of Offspring =  /0EBV of Sire +  /0EBV of Dam  (Simm, 1998) 
 
If the EBV of one parent is unknown, the EBV of the offspring is calculated as half 
the EBV of the known parent. Other relatives can also be used in the prediction of 
breeding values, by taking into account the proportion of genes in common 
between an individual and their relatives (Table 4.1).  
  
Class of Relative Proportion of Genes in Common with Individual X 
Individual X 1 
Parent 0.5 
Grandparent 0.25 
Great-Grandparent 0.125 
Identical Twin 1 
Full Sibling 0.5 
Half Sibling 0.25 
Progeny 0.5 
Table 4.1. The proportion of genes in common between Individual X and 
various classes of relatives. 
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In the simplest case, using a single record of performance from any relative, the 
EBV of the related individual is calculated as: 
 
EBV =  Proportion of genes in common with the relative  
                 x EBV of relative      (Simm, 1998) 
 
The prediction of breeding values using a combination of performance records 
from different classes of relatives becomes more complex. One method involves 
the production of an index, with weighted contributions from different classes of 
relatives according to the proportion of genes in common and the number of 
records available for each relative class.  
 
4.1.4. The Selection Index 
 
Selection index theory was first developed in the 1930s and 1940s as a tool for 
genetic prediction using performance data from genetically similar contemporary 
groups (Bourdon, 2014). Following adjustment of performance records for 
relevant environmental influences, selection indexes are used to combine records 
of performance for a single trait, or several different traits, measured on the 
individual itself and one or more classes of relative (Simm, 1998). A selection index 
is a linear combination of phenotypic performance data and suitable weighting 
factors, and it takes the following form: 
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I =  bP  +  bP + . . . + b:P:  (Bourdon, 2014; Simm, 1998) 
 
Where: 
I = the index score for an individual  
b; = a weighting factor or index coefficient, which is dependent on the h2 of the 
trait under selection, the class of relative concerned and the number of 
performance measurements available for each class of relative 
P; = the measurement of phenotypic performance on the individual itself, or the 
average measurement from different classes of relatives, after adjustment for 
known environmental influences 
n = the total number of measurements of phenotypic performance  
 
 
4.1.5. Best Linear Unbiased Prediction (BLUP) 
 
Best Linear Unbiased Prediction (BLUP) was first proposed in 1949 by Professor C. 
R. Henderson at Iowa State and Cornell Universities in the USA. BLUP is a statistical 
technique which efficiently disentangles genetic from non-genetic (environmental) 
effects, in order to estimate environmental influences and predict EBVs 
simultaneously. BLUP enables performance records of the individual animal and/or 
those of its relatives to be combined, taking into account the relationships 
between them, in order to produce more accurate predictions of EBVs in one step 
(Nicholas, 2003; Simm, 1998). Sire-model BLUP evaluations predict EBVs for sires 
using their progeny records, and were first used in the USA in the early 1970s to 
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produce EBVs for dairy cattle. These evaluations were later introduced to the UK 
dairy industry in 1979 (Simm, 1998). Advances in computing enabled the 
introduction of more sophisticated individual animal-model BLUP evaluations in 
1992. These evaluations predict EBVs for each individual included in the analysis by 
taking into account all familial relationships between them, through the inclusion 
of the numerator relationship matrix (A) calculated from the pedigree data 
(Henderson, 1976). Consequently, predictions are available for both males and 
females, parents and non-parents, ancestors, offspring and animals not yet 
conceived, and animals with or without records of performance (Bourdon, 2014). 
BLUP has now become the most widely accepted method for large-scale genetic 
evaluation of animal populations (Bourdon, 2014; Simm, 1998). EBVs calculated by 
BLUP for individual traits are often weighted and combined to produce a selection 
index, in order to assist breeders in selection across several traits simultaneously. 
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4.1.5.1. The Linear Mixed Model 
 
A mixed model is a statistical model containing both fixed and random effects. In 
matrix notation, a general mixed model can be represented as: 
 
y = Xb + Za + e 
 
Where:  
y = the n x 1 column vector containing the observations of n individuals  
b = the p x 1 vector of fixed effects, where p is the number of levels of fixed effects 
a = the q x 1 vector of random effects, where q is the number of levels of random 
effects 
e = the n x 1 column vector of residual deviations 
X = the n x p incidence matrix, relating the observations to b 
Z = the n x q incidence matrix, relating the observations to a 
 
In animal breeding, the first element of vector b is typically the population mean, 
and other factors may include, for example, sex of the animal, year of birth or 
location. The elements of the vector a of random effects are usually random 
genetic effects such as additive genetic values, and e is assumed to be distributed 
independently of the random genetic effects. Each element of the incidence 
matrices X and Z are usually equal to zero or one, depending on whether the 
relevant fixed or random effect contributes to the individual's phenotype (Lynch 
and Walsh, 1998).  
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Considering the means and variances (var) of the component vectors of the mixed 
model, the expectation (E) to the variables is: E(a) = E(e) = 0 by definition, 
therefore E(y) = Xb. The (q x q) covariance (cov) matrix for the vector a of random 
genetic effects can be denoted by G, so that var(a) = <σ> = G, where A is the 
numerator relationship matrix. The (n x n) covariance matrix for the vector of e 
residual errors can be denoted by R. It is generally assumed that residual errors 
have constant variance and are uncorrelated, so that var(e) = ?σ@ = R, where I is an 
identity matrix. It is assumed that a and e are uncorrelated so that cov(a, e) = 
cov(e, a) = 0. Excluding the difference between individuals due to fixed effects, the 
covariance matrix (V) for the vector of observations y can be represented as: 
 
V  =  var(Za + e)  =  ZGZT + R 
       (Lynch and Walsh, 1998) 
 
Where ZT is the transpose of the matrix Z, obtained by interchanging the rows and 
columns of the original matrix. For example: 
A1 4 72 5 83 6 9I
J
    =    A1 2 34 5 67 8 9I 
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4.1.5.2. Estimation of Fixed Effects and Prediction of Random Effects 
 
Mixed model analysis involves estimation (or prediction) of the vectors of fixed 
and random effects, b and a, as well as estimation of the covariance matrices G 
and R. 
 
In quantitative genetic analysis of linear mixed models, BLUP is the most 
commonly used procedure for the prediction of random effects and Best Linear 
Unbiased Estimator (BLUE) is used for the estimation of fixed effects. These 
procedures are 'best' in that they minimise the sampling variance, 'linear' as they 
are linear functions of the phenotypic observations y, and 'unbiased' in that 
E[BLUP(a)] = a and E[BLUE(b)] = b (Lynch and Walsh, 1998). 
 
For the general mixed model described in Chapter 4.1.5.1, the BLUE of b can be 
calculated using the following equation: 
 
BLUE(b)  =  KL   =  (XTV-1X)-1  XTV-1y 
 
The BLUP of a is calculated by: 
 
BLUP(a)  =  MN  =  GZTV-1  (y - XKL )    (Henderson, 1963) 
 
Where V is defined in Chapter 4.1.5.1. The solution of equations for BLUE(b) and 
BLUP(a) requires that the variance components, and therefore the covariance 
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matrices R and G, are known. Variance components must therefore be estimated 
prior to performing BLUP or BLUE analysis. The solution of the equations also 
requires the inverse of the covariance matrix V. The calculation of V-1, however, is 
computationally demanding when y contains large numbers of observations (Lynch 
and Walsh, 1998). Henderson (1950, 1963, 1973, 1984) therefore described a 
simpler method for calculation of MN and KL  simultaneously, without the 
requirement of V-1, in the form of mixed-model equations (MME): 
 
OPJQP             PJ Q R                RJQP      RJ Q R  + S   T OKLMNT  =  OP
JQURJQUT 
 
Henderson (1950) obtained the MME by assuming that the co-variance matrices G 
and R are known, and that the densities of the vectors a and e are both 
multivariate normal and uncorrelated. The solution to the MME therefore gives 
the maximum likelihood estimates of the fixed and random effects. In later work, 
however, Henderson (1963) proved that the MME are not dependent on 
normality, and that MN and KL  are BLUP(a) and BLUE(b), respectively, under general 
conditions when variance components are known (Lynch and Walsh, 1998). 
 
4.1.5.3. The Animal Model 
 
The 'animal model' is based on the general mixed model described in Chapter 
4.1.5.1, and is used for calculation of EBVs for each measured individual. Under the 
simplest animal model and assuming only one fixed factor (the population mean, 
µ), the observation for individual i can be represented by the following equation: 
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yi  =  µ  +  ai  +  ei      (Lynch and Walsh, 1998) 
 
Where a is the additive genetic value of individual i, and e is the residual error.  
 
The G matrix describes the covariances between random genetic effects (the 
EBVs). The genetic covariance between two relatives i and j can be calculated as 
twice the coefficient of coancestry multiplied by the additive genetic variance (σ>) 
in the base population. This can be expressed as: 
 
2Θijσ>       (Lynch and Walsh, 1998) 
 
Under the animal model, therefore, G = <σ>, where A is the additive genetic (or 
numerator) relationship matrix and A = 2Θij. It is generally assumed that R = ?σ@ , 
where I is an identity matrix. As G-1 = <σ> and R-1 = ?σ@, the MME for the 
animal model can be expressed as: 
 
OPJP      PJR                RJP      RJR  +  λ< T OKLMNT  =  OP
JURJUT 
 
Where λ = σ@ / σ> = (1 - h2) / h2 , assuming additive gene action (Lynch and Walsh, 
1998). 
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4.1.6. Estimation of Variance Components 
 
Restricted maximum likelihood (REML) is the method of choice for estimation of 
variance components, and therefore h2, in large populations with complex but 
known pedigrees. REML is a modification of maximum likelihood estimation which 
adjusts the observations for estimates of the fixed effects, to produce unbiased 
estimates of variance and covariance parameters. This type of analysis does not 
require balanced designs, can accommodate any structure of genetic relationships 
in the data, and can take account of non-random selection of parents from the 
population (Falconer and Mackay, 1996). REML is available using general statistical 
software packages such as SAS (SAS Institute Inc., 2002-2010), as well as more 
specialist software packages such as DMU (Madsen and Jensen, 2013). 
  
 
4.2. Aims 
 
The aims of the study were to investigate genetic and environmental variation in 
race performance data of British Greyhounds; to calculate variance components, 
estimated heritabilities and repeatabilities for the industry-important performance 
traits Race Time, Speed and Rank; and to calculate EBVs of British Greyhounds for 
each of these traits, enabling individuals to be ranked according to additive genetic 
merit. Finally, the study aimed to identify the top 20 Greyhound sires and dams 
with respect to numbers of offspring produced within the data set, in order to 
compare their popularity as breeding animals with their additive genetic merit 
(EBV) for the three performance traits. 
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4.3. Materials and Methods 
 
4.3.1. Data Collection and Cleaning for Quality Control 
  
Greyhound phenotypic and historical race performance data were obtained for 
every Greyhound competing in each race that took place at GBGB-licensed British 
Greyhound stadiums during a five-year period from 1st January 2008 to 31st 
December 2012, using the publically available online resource Greyhound-Data 
(2014). In total, 1,882,658 race performance records for 52,826 individual 
Greyhounds were obtained and collated into a Microsoft Access database 
(Microsoft Corporation, 2007a), as detailed in Chapter 2.1. The maternal and 
paternal pedigree of each of the 52,826 individual Greyhounds with performance 
results were traced back six generations, producing a pedigree file containing a 
total of 73,346 Greyhounds. 
 
Data cleaning, quality control steps and preparation of the pedigree file were 
performed as detailed in Chapter 2.1. The final data set (Appendix 1) for statistical 
and genetic analysis contained a total of 1,711,489 individual race performance 
records for 50,452 individual Greyhounds, with a total of 73,344 Greyhounds in the 
pedigree file. 
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4.3.2. Influence of Environmental (Non-Genetic) Factors on the Race 
Performance of British Greyhounds 
 
Greyhounds are traditionally selected for breeding based on phenotypic 
performance in terms of racing speed, race time over a specific distance and/or 
rank finish position in a race (Taubert et al., 2007). Consequently, these three 
measures of racing performance were selected for genetic analysis in the present 
study. 
 
The influence of a number of environmental (non-genetic) factors on Greyhound 
race performance was investigated in Chapter Three, in order to determine the 
effects to consider in the final genetic analyses. Three separate general linear 
model analyses were performed for each of the three performance traits: Race 
Time over a 480 m race distance (n = 481,882 race performance results), Speed 
and Rank over all distances (n = 1,711,489 race performance results), as detailed in 
Chapter 3.3. The results of these analyses are summarised in Table 3.5.  
 
4.3.3. Animal Model Genetic Evaluations 
 
Univariate linear mixed animal model genetic evaluations were performed for 
each of the three performance traits: Race Time over a 480 m distance (n = 
481,882 race performance results), Speed and Rank over all distances (n = 
1,711,489 race performance results). Environmental (non-genetic) factors were 
considered for inclusion in each of the three animal models if they were found to 
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be significantly associated with the race performance trait under analysis, as 
detailed in Table 3.5. 
 
4.3.3.1. Race Time  
 
The following linear mixed animal model was used for estimation of genetic 
parameters and calculation of EBVs for the performance trait Race Time (over a 
480 m distance): 
 
yijklmn = µ + Sexi + Ndogsj + Trapk + b(RaceAgel) + b(RaceAge
2
l) + b(RaceAge
3
l)  
  + MYStadm + pel + al + eijklmn      
  (Model One) 
 
Where yijklmn is the observation n of dog l (finish time in a given race); µ is the 
population mean; sexi is the fixed effect of the ith sex (i = 1, 2); ndogsj is the fixed 
effect of the jth number of dogs in the race (j = 4,..., 6); trapk is the fixed effect of 
the kth starting trap number (k = 1,..., 6); b(raceagel), b(raceage
2
l) and b(raceage
3
l) 
are the regression coefficients of trait on racing age of animall; mystadm is the 
random effect of the mth month-year-stadium of the race (1,509 levels); pel is the 
random permanent environmental effect of animal l; al is the random additive 
genetic effect of animal l, ~ND(0, Aσ2a), assumed to be normally distributed (ND) 
where A is the numerator relationship matrix and σ2a is the additive genetic 
variance; and eijklmn is the random residual effect, ~ND(0, Iσ
2
e), where I is an 
identity matrix and σ2e is the residual variance. 
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4.3.3.2. Speed 
 
The following linear mixed animal model was used for estimation of genetic 
parameters and calculation of EBVs for the performance trait Speed (over all race 
distances): 
 
yijklmno = µ + sexi + racetypej + ndogsk + trapl + b(raceagem) + b(raceage
2
m) +  
  b(raceage3m) + mystadn + pem + am + eijklmno   
  (Model Two) 
 
Where yijklmno is the observation o of dog m (mean speed in a given race); µ is the 
population mean; sexi is the fixed effect of the ith sex (i = 1, 2); racetypej is the 
fixed effect of the jth race type (j = 1 [race distances ≤ 305 m], 2 [race distances > 
305 m and < 539 m], 3 [race distances ≥ 540 m and ≤ 700 m], 4 [race distances > 
700 m]); ndogsk is the fixed effect of the kth number of dogs in the race (k = 4,..., 
6); trapl is the fixed effect of the lth starting trap number (l = 1,..., 6); b(raceagem), 
b(raceage2m) and b(raceage
3
m) are the regression coefficients of trait on racing age 
of animalm; mystadn is the random effect of the nth month-year-stadium of the 
race (1,509 levels); pem is the random permanent environmental effect of animal 
m; am is the random additive genetic effect of animal m, ~ND(0, Aσ
2
a), with A and 
σ2a as previously defined; and eijklmno is the random residual effect, ~ND(0, Iσ
2
e), 
with I and σ2e as previously defined.  
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4.3.3.3. Rank 
 
The following linear mixed animal model was used for estimation of genetic 
parameters and calculation of EBVs for the performance trait Rank (over all race 
distances): 
 
yijklm = µ + sexi + trapj + b(raceagek) + mystadl + pek + ak + eijklm   
     (Model Three) 
 
Where yijklm is the observation m of dog k (rank in a given race); µ is the population 
mean; sexi is the fixed effect of the ith sex (i = 1, 2); trapj is the fixed effect of the 
jth starting trap number (j = 1,..., 6); b(raceagek) is the regression coefficient of 
trait on racing age of animalk;  mystadl is the random effect of the lth month-year-
stadium of the race (1,509 levels); pek is the random permanent environmental 
effect of animal k; ak is the random additive genetic effect of animal k, ~ND(0, 
Aσ2a), with A and σ
2
a as previously defined; and eijklm is the random residual effect, 
~ND(0, Iσ2e), with I and σ
2
e as previously defined.  
 
In the animal models one, two and three, the environmental factors of both 
season and stadium are accounted for by including the random effect of month-
year-stadium combination of the race, MYStad. The environmental effect of birth 
year of the individual, BirthYrInd, was excluded from each of the three final models 
as it was found to pick up some of the genetic trend.  
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The environmental factor of race type [1 (race distances ≤ 305 m), 2 (race 
distances > 305 m and < 539 m), 3 (race distances ≥ 540 m and ≤ 700 m) or 4 (race 
distances > 700 m)]  groups similar race distances together taking into account the 
number of bends to negotiate during the race. Overall, mean racing speed was 
found to decrease with increasing race distance. Within each race type category (1 
- 4), however, there was no association between race distance and mean racing 
speed (Figure 3.15). Consequently, the environmental factor of race type was 
included in model two rather than the exact race distance. 
 
The regression coefficients of trait on racing age of the Greyhound were included 
in models one and two, as previous analysis of the data in Chapter Three identified 
that a cubic regression provided a better fit for the data of mean race time over a 
480 m distance (Figure 3.6) and for mean racing speed (Figure 3.5).  
 
4.3.4. Estimation of Genetic Parameters and Breeding Values 
 
The variance components and breeding values were estimated using the freely 
available software package DMU, version 6, release 5.2 (Madsen and Jensen, 
2013). DMU is a package for analysis of mixed models and a powerful tool for 
estimation of variance components, estimation of fixed effects using BLUE and 
prediction of random effects by BLUP. The pedigree and Greyhound phenotype 
and performance data files were exported from SAS (SAS Institute Inc., 2002-2010) 
as two separate text files and then input to DMU (Madsen and Jensen, 2013) for 
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genetic analysis. The Greyhound pedigree file was used to define an additive 
genetic relationship. 
 
4.3.4.1. Estimation of Genetic Parameters 
 
For each of the animal models (1 to 3) defined in Chapter 4.3.3, variance 
components were estimated by univariate analysis using the Average Information 
Algorithm for Restricted Maximum Likelihood (AI-REML) (Jensen et al., 1997), 
implemented by the DMU1 and DMUAI modules of the software package DMU 
(Madsen and Jensen, 2008). The AI-REML algorithm uses average information as 
second differentials of the likelihood function, obtaining average information 
through averaging the information matrices based on observed and expected data, 
and producing asymptotic standard errors of estimated (co)variance components 
(Madsen and Jensen, 2008) (Appendix 1).  
 
Estimated h2 is determined by the ratio of additive genetic variance (σ2a) to 
phenotypic variance (σ2P):  
 
h2  =  (σ2a) / (σ
2
P)         (Simm, 1998) 
 
Phenotypic variance (σ2P) can be further divided into additive genetic variance 
(σ2a), permanent environmental variance (σ
2
pe) and residual variance (σ
2
e). For 
each of the three performance traits, estimated heritabilities were therefore 
calculated as: 
230 
 
 
h2  =  (σ2a) / (σ
2
a + σ
2
pe + σ
2
e)      (Simm, 1998) 
 
 Repeatabilities (R) were calculated as the proportion of total phenotypic variation 
(σ2P) in a trait which is explained by the combined effects of additive genetic 
variation (σ2a) and permanent environmental variation (σ
2
pe): 
 
R  =  (σ2a + σ
2
pe) / (σ
2
P)  =  (σ
2
a + σ
2
pe) / (σ
2
a + σ
2
pe + σ
2
e)  (Simm, 1998) 
 
 
4.3.4.2. Estimation of Breeding Values 
 
The DMU1 and DMUAI modules of the software package DMU (Madsen and 
Jensen, 2008) were used to perform univariate BLUP evaluations using each of the 
three animal models defined in Chapter 4.3.3. This analysis provided BLUP of 
random effects and BLUE of fixed effects in each of the respective models. EBVs 
were therefore calculated for all 73,344 individuals in the Greyhound pedigree file, 
for each of the three performance traits: Race Time over a 480 m distance (20,934 
animals with performance records), Speed and Rank over all distances (50,452 
animals with performance records), based on their own and/or their relatives race 
performance (Appendix 1).  
 
The current system in use by the UK Kennel Club (2014) is that EBVs take the same 
unit and direction as the original phenotype, with more negative EBVs being 
favourable for canine elbow and hip dysplasia as they indicate a lower genetic risk. 
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To adhere to this convention, performance measures for Race Time and Rank were 
not rescaled for calculation of EBVs in the present study. Lower Race Time and 
Rank values are favourable in racing Greyhounds, therefore lower (more negative) 
EBVs for Race Time and Rank would also be favourable. Similarly, a greater Speed 
is favourable and consequently a greater (more positive) EBV for Speed would be 
desired. 
 
For each of the three performance traits, mean EBVs were calculated for each 
birth year (2000 to 2011) of Greyhounds with performance data, in order to 
calculate the genetic trends during this period.  
 
The top 20 Greyhound sires and dams were identified, with respect to numbers of 
offspring produced within the data set, in order to compare their popularity as 
breeding animals with their additive genetic merit (EBV) for the three performance 
traits. 
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4.4. Results 
 
4.4.1. Estimation of Genetic Parameters 
 
The additive genetic (σ2a), permanent environmental (σ
2
pe) and residual variances 
(σ2e), and calculation of estimated heritabilities (h
2) for the performance trait Race 
Time (over a 480 m race distance), and the performance traits Speed and Rank 
(over all race distances), are displayed in Table 4.2. Estimates of h2 were 
moderate-high for the performance trait Race Time (0.44), moderate for Speed 
(0.37), and low for rank (0.02). Repeatabilities were moderate-high for Race Time 
(0.56) and Speed (0.52), and low for rank (0.03). 
 
 
Table 4.2. The additive genetic variance (σ2a), permanent environmental variance 
(σ2pe), residual variance (σ
2
e), estimated heritability (h
2) and repeatability (R) for 
Race Time (over a 480 m race distance), Speed and Rank (over all distances), in 
British racing Greyhounds. The standard error (SE) is given in brackets. 
 
 
 
Variance  
Component 
Race Time Speed Rank 
σ2a     (SE) 0.1317     (0.0054)  0.0313     (0.0008) 0.0473     (0.0029) 
σ2pe   (SE) 0.0377     (0.0032) 0.0127     (0.0005) 0.0451     (0.0020) 
σ2e    (SE) 0.1332     (0.0003)  0.0413     (0.0001) 2.8113     (0.0031) 
h2      (SE) 0.4352     (0.0137) 0.3670     (0.0080) 0.0163     (0.0010) 
R 0.5597 0.5157 0.0318 
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4.4.2. Estimation of Breeding Values 
 
EBVs were calculated for all 73,344 individuals in the Greyhound pedigree file, for 
each of the traits Race Time, Speed and Rank (Appendix 1). EBVs are expressed in 
the same units as the performance trait, and may be positive or negative. 
Consequently, negative EBVs are more favourable for the traits Race Time and 
Rank, in which a lesser Race Time is equivalent to running a faster race, and a 
lesser Rank value is desirable as a Rank of one (first) would be the race winner. In 
contrast, a positive EBV is more favourable for the trait Speed, in which a greater 
value is equivalent to greater genetic merit for speed. The EBVs varied from 3.340 
(worst) to -1.090 (best) for Race Time over a distance of 480 m, and from -0.786 
(worst) to 0.666 (best) for Speed and 0.491 (worst) to -0.633 (best) for Rank over 
all distances. Standard deviations were 0.196, 0.126 and 0.098 for Race Time, 
Speed and Rank EBVs, respectively. 
 
4.4.3. Genetic Trends 
 
The mean EBVs according to Greyhound year of birth are displayed in Figure 4.1, 
Figure 4.2 and Figure 4.3 for Race Time over a 480 m distance, Speed over all 
distances and Rank over all distances, respectively. Figure 4.1 indicates a decline in 
EBV and therefore a trend of genetic improvement in Race Time in the British racing 
Greyhound population, over a 12 year period from 2000 to 2011. There was a 
genetic improvement in Race Time of 0.25 s, equivalent to 0.021 s per year.  
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Figure 4.2 indicates an increase in EBV and therefore a trend of genetic 
improvement in Speed in the British racing Greyhound population, over the years 
2000 to 2011. There was a genetic improvement in Speed of 0.16 m/s, equivalent to 
0.013 m/s per year.  
 
The genetic improvement in both Race Time (Figure 4.1) and Speed (Figure 4.2) 
occurred at a relatively steady rate during the 12 year period. Figure 4.3, however, 
demonstrates minimal genetic improvement in Rank over the years 2000 to 2010. 
There was a sudden decline in mean EBV from the year 2010 to 2011, however this 
may be an artefact. Dogs born in 2010 would only be at the start of their racing 
career and in their first few months of competitive racing during the final year 
(2012) of the study period (2008 to 2012), and would not have any performance 
records prior to this. Overall, there was a genetic improvement in Rank of 0.03 rank 
finish positions during the 12 year period from 2000 to 2011, equivalent to 0.0025 
rank finish positions per year. 
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Figure 4.1. Mean Estimated Breeding Value (EBV) of British racing Greyhounds (n = 73,344) for the performance 
trait Race Time (over a 480 m race distance), according to birth year of the dog. 
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Figure 4.2. Mean Estimated Breeding Value (EBV) of British racing Greyhounds (n = 73,344) for the performance 
trait Speed (over all race distances), according to birth year of the dog. 
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Figure 4.3. Mean Estimated Breeding Value (EBV) of British racing Greyhounds (n = 73,344) for the performance 
trait Rank (over all race distances), according to birth year of the dog. 
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4.4.4. EBVs of Popular Greyhound Sires 
 
The number of offspring produced by male Greyhounds in the data set ranged 
from zero to 3,203. The EBVs and genetic ranking for Race Time, Speed and Rank 
of the top 20 Greyhound sires in the data set, with respect to numbers of offspring 
produced (817 to 3,203) within the data set, are displayed in Table 4.3. 
Considerable variation in EBVs was observed in this group of Greyhounds used 
most frequently for breeding. EBVs ranged from -0.031 to -0.426 (SD 0.09), 0.032 
to 0.240 (SD 0.05), and 0.104 to -0.143 (SD 0.07) for the performance traits Race 
Time, Speed and Rank, respectively. 
 
The EBVs for Race Time, Speed and Rank of the top 20 Greyhound sires, with 
respect to numbers of offspring produced, are displayed in Figure 4.4, Figure 4.5 
and Figure 4.6, respectively. Interestingly, Figure 4.4 demonstrates a slight 
increasing trend in EBV for Race Time (R2 = 0.1014) as the number of offspring 
produced increases. Greyhound sires with larger numbers of offspring actually 
have more positive (less favourable) EBVs for Race Time. Similarly, Figure 4.5 
demonstrates a slight decreasing trend in EBV for Speed (R2 = 0.138), and sires 
with greater numbers of offspring have more negative (less favourable) EBVs. 
There is, however, considerable variation in EBVs for both of these traits according 
to number of offspring produced. Figure 4.6 indicates there is no association (R2 = 
0.0002) between EBV for Rank and the number of offspring produced by the sire.  
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      Race Time Speed Rank 
DogID No. Offspring Sire Rank EBV SE  GR EBV SE GR EBV SE GR 
10536 3203 1 -0.237 0.059 19650 0.148 0.025 21316 -0.076 0.037 13409 
10538 3108 2 -0.183 0.060 27555 0.112 0.025 28400 -0.071 0.038 14490 
10557 2704 3 -0.120 0.060 37969 0.062 0.025 39357 0.104 0.038 62145 
10565 2133 4 -0.254 0.061 17678 0.127 0.025 25344 -0.079 0.039 12988 
10544 2003 5 -0.287 0.060 14127 0.165 0.025 18273 -0.143 0.039 4603 
10570 1983 6 -0.221 0.061 21921 0.100 0.025 30884 0.078 0.039 57306 
10540 1842 7 -0.252 0.061 17890 0.142 0.025 22387 0.077 0.040 57026 
10553 1807 8 -0.195 0.063 25674 0.099 0.026 31132 0.087 0.040 59109 
10542 1431 9 -0.159 0.065 31626 0.118 0.026 27157 -0.052 0.042 18980 
10537 1264 10 -0.234 0.065 20123 0.126 0.026 25517 -0.051 0.042 19194 
10574 1192 11 -0.257 0.066 17352 0.169 0.026 17520 0.034 0.043 45853 
10532 1174 12 -0.031 0.068 51987 0.032 0.027 46201 0.032 0.043 45222 
10620 1090 13 -0.241 0.067 19264 0.173 0.027 16892 -0.035 0.043 23183 
10590 1006 14 -0.366 0.066 8006 0.215 0.027 10965 -0.012 0.045 30099 
10567 962 15 -0.358 0.067 8520 0.189 0.027 14450 0.095 0.044 60677 
10605 899 16 -0.278 0.068 15079 0.161 0.027 18954 -0.062 0.046 16495 
10545 873 17 -0.277 0.070 15205 0.158 0.028 19378 -0.109 0.046 8177 
10626 861 18 -0.285 0.070 14377 0.161 0.028 18910 -0.022 0.045 26802 
10602 826 19 -0.426 0.068 5169 0.240 0.028 8110 -0.076 0.047 13518 
10549 817 20 -0.139 0.072 34769 0.089 0.028 33366 0.017 0.047 40492 
Table 4.3. Estimated Breeding Values for the 20 top-ranking Greyhound sires in the data set, with respect to numbers of 
offspring produced, for the performance traits Race Time, Speed and Rank. DogID is the unique Greyhound identification 
number (1 - 73,344); No. Offspring is the number of offspring produced by the sire to date, within the data set; Sire Rank is the 
rank of the dog according to number of offspring produced; EBV is the calculated EBV of the dog; SE is the standard error of 
the EBV, and GR is the genetic rank of the dog (1 - 73,344) according to their EBV for the trait.  
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Figure 4.4. Estimated Breeding Values (EBVs) for Race Time over a 480 m race distance of the top 20 British racing 
Greyhound sires according to number of offspring produced. 
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Figure 4.5. Estimated Breeding Values (EBVs) for Speed of the top 20 British racing Greyhound sires according to 
number of offspring produced. 
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Figure 4.6. Estimated Breeding Values (EBVs) for Rank of the top 20 British racing Greyhound sires according to 
number of offspring produced.
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4.4.5. EBVs of Popular Greyhound Dams 
 
The number of offspring produced by female Greyhounds in the data set ranged 
from zero to 49. The EBVs and genetic ranking for Race Time, Speed and Rank of the 
top 20 Greyhound dams in the data set, with respect to numbers of offspring 
produced (36 to 49) within the data set, are displayed in Table 4.4. Considerable 
variation in EBVs was observed in this group of Greyhounds. EBVs ranged from 
0.051 to -0.965 (SD 0.27), 0.035 to 0.538 (SD 0.15), and 0.392 to -0.429 (SD 0.19) for 
the performance traits Race Time, Speed and Rank, respectively.  
 
 The EBVs for Race Time, Speed and Rank of the top 20 British racing Greyhound 
dams, according to number of offspring produced, are displayed in Figure 4.7, 
Figure 4.8 and Figure 4.9, respectively. Figure 4.7 and Figure 4.9 indicate a slight 
increasing trend in EBV for Race Time (R2 = 0.0089) and Rank (R2 = 0.0998), 
respectively, as the number of offspring produced increases. Greyhound dams with 
larger numbers of offspring have more positive (less favourable) EBVs for Race Time 
and Rank. Figure 4.8 indicates a slight decreasing trend in EBV for Speed (R2 = 
0.0686), and dams with greater numbers of offspring have more negative (less 
favourable) EBVs. There is, however, considerable variation in EBVs for each of 
these traits according to number of offspring produced.  
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      Race Time Speed Rank 
DogID No. Offspring Dam Rank EBV SE  GR EBV SE GR EBV SE GR 
12418 49 1 -0.668 0.121 612 0.425 0.053 396 -0.257 0.098 508 
11725 47 2= -0.556 0.159 1764 0.278 0.053 4994 -0.138 0.100 5062 
14773 47 2= -0.797 0.113 165 0.415 0.051 474 -0.176 0.086 2549 
11977 46 3 -0.329 0.148 10444 0.062 0.056 39255 0.113 0.099 63625 
11820 45 4 -0.452 0.163 4201 0.155 0.055 20019 0.000 0.104 34717 
12499 44 5 0.051 0.158 63358 0.035 0.057 45360 0.392 0.110 73146 
11048 43 6 -0.170 0.155 29733 0.105 0.056 29796 -0.111 0.103 7897 
11437 42 7 -0.539 0.134 2082 0.362 0.056 1299 -0.135 0.102 5345 
11774 41 8= -0.543 0.139 2012 0.275 0.057 5228 0.087 0.112 59207 
11855 41 8= -0.965 0.156 17 0.480 0.058 120 -0.429 0.106 20 
11126 40 9= -0.076 0.159 45194 0.058 0.059 40106 0.018 0.115 40923 
12717 40 9= -0.615 0.120 1026 0.394 0.056 715 -0.009 0.101 31181 
11656 39 10= -0.227 0.161 21155 0.237 0.058 8456 -0.056 0.112 17945 
15077 39 10= -0.533 0.148 2180 0.295 0.057 3924 -0.021 0.091 27080 
12510 39 10= -0.650 0.145 762 0.458 0.059 196 -0.225 0.115 991 
13586 39 10= -0.396 0.148 6406 0.221 0.057 10174 -0.298 0.106 207 
11207 38 11 -0.378 0.138 7333 0.339 0.058 1924 -0.227 0.109 955 
12758 37 12 -0.922 0.127 34 0.538 0.059 25 -0.384 0.111 39 
11566 36 13= -0.811 0.141 140 0.456 0.060 202 -0.242 0.108 703 
11112 36 13= -0.289 0.176 13970 0.193 0.059 13836 -0.226 0.106 967 
Table 4.4. Estimated Breeding Values for the 20 top-ranking Greyhound dams in the data set, with respect to numbers of 
offspring produced, for the performance traits Race Time, Speed and Rank. DogID is the unique Greyhound identification 
number (1 - 73,344); No. Offspring is the number of offspring produced by the dam to date, within the data set; Dam Rank is 
the rank of the dog according to number of offspring produced; EBV is the calculated EBV of the dog; SE is the standard error 
of the EBV, and GR is the genetic rank of the dog (1 - 73,344) according to their EBV for the trait.  
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Figure 4.7. Estimated Breeding Values (EBVs) for Race Time over a 480 metre race distance of the top 20 British racing 
Greyhound dams according to number of offspring produced.
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Figure 4.8. Estimated Breeding Values (EBVs) for Speed of the top 20 British racing Greyhound dams according to 
number of offspring produced. 
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Figure 4.9. Estimated Breeding Values (EBVs) for Rank of the top 20 British racing Greyhound dams according to 
number of offspring produced. 
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4.5. Discussion 
 
The present study is the first to investigate genetic variation in race results and 
estimate genetic parameters and breeding values for performance traits of British 
racing Greyhounds. To date, it is the largest genetic study of racing Greyhound 
performance worldwide. Genetic evaluations were performed on a total of 
1,711,489 race performance records for 50,452 individual Greyhounds. As a result, 
variance components, estimated heritabilities and repeatabilities were calculated 
for the performance traits Race Time (over a 480 m race distance), Speed and Rank 
(over all race distances). For each of the three performance traits, EBVs were 
calculated for a total of 73,344 Greyhounds in the pedigree file. 
 
4.5.1. Estimated Heritabilities of Greyhound Race Performance Traits 
 
The h2 represents the proportion of observed phenotypic variance in a trait that is 
due to additive genetic effects, and can therefore be passed on to the next 
generation. Estimated heritabilities were found to be moderate-high for Race Time 
(0.44), moderate for Speed (0.37) and low for Rank (0.02).  
 
The trait of Rank at finish indicates relative performance of the Greyhound in the 
race. The majority of Greyhound races in the UK are graded events, in which 
Greyhounds compete against other dogs of the same standard with equivalent 
race times, to ensure each dog has a fair chance of winning and to increase the 
difficulty of betting. With this system, slower Greyhounds are likely to rank first as 
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often as faster Greyhounds. It is therefore possible, for example, that a poorer 
performing Greyhound running in a lower grade of race may achieve more 'first' 
finish positions during its career than a faster Greyhound running in races of a 
higher grade. A racing Greyhound's phenotypic performance in terms of Rank, 
however, is often a major factor taken into consideration in the selection of 
Greyhounds for breeding. 
 
The heritabilities for Speed and Race Time were higher, and h2 for Rank lower, 
than previously reported for racing Greyhounds (Desgorces et al., 2012; Ryan, 
1975; Taubert et al., 2007). In a study analysing maximal speeds in horses, dogs 
and humans, Desgorces et al. (2012) compared the running speeds of the 10 best 
performing Greyhounds worldwide, during the period 2007 to 2009, with the 
individual best performance of their male ancestors over seven generations. A 
lower h2 of 0.183 was reported for Speed. The study, however, analysed a limited 
data set considering only male ancestors, and performance results from only 67 
dogs were included in the genetic analysis.  
 
Ryan (1975) reported a lower h2 for Race Time (0.23) in Irish Greyhounds over a 
race distance of 480 m. In a later study analysing performance data from 42,785 
races over a 480 m distance for 42,880 Irish Greyhounds, Taubert et al. (2007) 
reported lower heritabilities of 0.31 for Race Time and 0.38 for Adjusted Race Time 
(a scaled logarithmic adjustment of Race Time), and a marginally higher h2 of 0.099 
for Rank. The environmental (non-genetic) factors of sex, stadium and individual 
race, as well as the covariate racing age, were included in the statistical mixed 
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model for genetic analysis. In contrast to the present study, the environmental 
factors of number of dogs in the race and starting trap number were not 
considered. This may result in an underestimation of the proportion of additive 
genetic variance associated with the performance traits, as several important 
environmental factors were not accounted for in the analysis. Additionally, 
pedigree data was limited to two generations for the majority of Greyhounds, with 
only the sire and dam of each dog with a performance result included in 
estimation of variance components and breeding values. In the present study, 
however, the maternal and paternal pedigree of each Greyhound with a race 
performance result was traced back six generations, resulting in comprehensive 
Greyhound pedigree data (n = 73,344 individuals) for estimation of variance 
components and calculation of EBVs. 
 
The study by Taubert et al. (2007) included individual race event as a fixed effect in 
their statistical model for genetic analysis. This enables the environmental 
differences between race dates, race tracks, and between each race event within 
race tracks, to be taken into consideration. For example, environmental 
differences between race tracks, race dates and individual race events may include 
variations in geographic locations, track design, circumference and radius of the 
bends, track preparation, track substrate material and climatic conditions at the 
time of the race. Bugislaus et al. (2005) compared two different statistical models 
considering race track or individual race as a fixed effect for genetic evaluation of 
German trotter horses, and found increased heritabilities for performance traits, 
increased genetic and phenotypic correlations among traits, and a lower bias and 
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mean square error when including individual race rather than race track in the 
statistical model. Due to computational limitations as a result of the large data set 
analysed in the present study, it was not possible to include the effect of individual 
race event in the final mixed animal models for genetic analysis. Similarly, it was 
not possible to use a combination of stadium and race date as a fixed effect in the 
model. The random effect of month-year-stadium combination of the race, 
MYStad, was therefore included in the statistical models. This enables the 
environmental differences between race tracks, and the effects of climate and 
season, to be taken into consideration. It does not, however, account for 
variations in environmental conditions between race days in a particular month. 
Additionally, it does not account for environmental variation between individual 
race events at a particular race track on a specific date, for example due to sudden 
changes in weather conditions or variations in track surface conditions as the race 
meeting progresses. 
 
In studies performing genetic analysis of race performance in horses, h2 estimates 
reported for Race Time tend to be lower, ranging from 0.00 to 0.22 (Bakhtiari and 
Kashan, 2009; Buxadera and Mota, 2008; Chico, 1994; Mota et al., 1998, Oki et al., 
1995; Taveira et al., 2004; Villela et al., 2002). Correa and Mota (2007), however, 
reported heritabilities ranging from 0.26 to 0.41 for Race Time in the Brazilian 
Quarter Horse. In addition, heritabilities for Race Time ranging from 0.175 to 0.304 
and from 0.177 to 0.353 have been reported in Arabian horses (Ekiz et al., 2005a) 
and Thoroughbred horses in Turkey (Ekiz and Kocak, 2007; Ekiz et al., 2005b), 
respectively. Reported h2 estimates for Rank tend to be higher than those 
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obtained in the present study, ranging from 0.04 to 0.37 and from 0.12 to 0.25 in 
Thoroughbred and trotter horses, respectively (Bakhtiari and Kashan, 2009; Chico, 
1994; Ekiz and Kocak, 2005; Ekiz et al., 2005b; Thiruvenkadan et al., 2009a,b; 
Villela et al., 2002). 
 
4.5.2. Repeatabilities of Greyhound Race Performance Traits 
 
Repeatabilities were found to be moderate-high for Race Time (0.56) and Speed 
(0.52), and low for rank (0.03). These results are very similar to those reported by 
Taubert et al. (2007) for Race Time (0.56) and Adjusted Racing Time (0.51) in Irish 
Greyhounds, and by Meissen (1997) for Race Time (0.52) in racing whippets. 
Taubert et al. (2007), however, reported a higher repeatability for Rank (0.13). In 
comparison with studies of race performance in horses, Oki et al. (1995) and Villela 
et al. (2002) reported very similar repeatabilities for Race Time (0.55). Chico 
(1994), however, reported a lower repeatability for Race Time (0.01). Villela et al. 
(2002) and Chico (1994) reported higher repeatabilities for Rank of 0.44 and 0.21-
0.26, respectively.  
 
4.5.3. Estimated Breeding Values (EBVs) for British Racing Greyhounds 
 
The present study is the first to estimate breeding values for British racing 
Greyhounds. EBVs were calculated for 73,344 individuals, for each of the three 
performance traits: Race Time (20,934 animals with performance records), Speed 
and Rank (50,452 animals with performance records). The EBVs varied from 3.340 
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(worst) to -1.090 (best) (SD 0.196) for Race Time (over a distance of 480 m), and 
from -0.786 (worst) to 0.666 (best) (SD 0.126) for Speed and 0.491 (worst) to -
0.633 (best) (SD 0.098) for Rank (over all distances).  
 
In the only previous study to estimate breeding values for racing Greyhounds, 
Taubert et al. (2007) calculated EBVs for 51,332 Irish Greyhounds (42,880 with 
performance records) for the traits Race Time and Rank (over a 480 m distance), in 
which performance measures were rescaled by reversing the sign to make the 
favourable EBVs positive. The EBVs ranged from -0.78 (worse) to 0.62 (best) (SD 
0.15) for Race Time, and from -1.30 (worse) to 1.05 (best) (SD 0.25) for Rank. In 
order to adhere to current conventions for EBV calculation in UK dogs (The Kennel 
Club, 2014), performance measures were not rescaled in the present study 
(Chapter 4.3.4.2).  
 
The absolute value of an EBV is not important. It is the comparison of EBVs 
between individuals in a specific population group that enables the individuals to 
be ranked in order of their additive genetic merit. In the present study, lower 
(more negative) EBVs are favourable for the performance traits Race Time and 
Rank, and greater (more positive) EBVs are favourable for Speed. The calculated 
EBVs are not comparable with those reported in the previous study of Irish 
Greyhounds (Taubert et al., 2007), as EBVs are specific to a population group. 
Consequently, EBVs can only be used to compare the genetic merit of individuals 
included within the same genetic analysis.   
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4.5.4. Phenotypic and Genetic Trends in Greyhound Race Performance 
 
The phenotypic development of the performance traits Race Time (over a 480 m 
distance) and Speed (over all distances) during the five-year study period from 
2008 to 2012 are displayed in Figure 3.12 and Figure 3.13, respectively. There was 
a phenotypic improvement of 0.24 s in Race Time of British Greyhounds during the 
five-year period, and a phenotypic improvement of 0.09 m/s in racing Speed. This 
is equivalent to an improvement of 0.048 seconds per year in Race Time and 0.018 
metres per second per year in Speed. It is not possible to attain a phenotypic 
improvement in Rank within the population, as a Rank of one (first) is always the 
highest.  
 
In the British racing Greyhound population, there was a genetic improvement of 
0.25 s in Race Time over a 12 year period from 2000 to 2011 (Figure 4.1), 
equivalent to a genetic improvement of 0.021 s per year. A similar genetic 
improvement of 0.03 s per year was reported by Taubert et al. (2007) for Race 
Time in Irish Greyhounds. For British Greyhounds, there was a genetic 
improvement in Speed of 0.16 m/s over a 12 year period from 2000 to 2011 
(Figure 4.2), equivalent to a genetic improvement of 0.013 m/s per year. In 
addition, there was an overall genetic improvement of 0.03 Rank finish positions in 
British Greyhounds over the 12 year period (Figure 4.3), equivalent to a genetic 
improvement of 0.0025 Rank finish positions per year. The genetic improvement in 
Rank over time is more difficult to interpret, as a phenotypic improvement is not 
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possible. If individuals with better (lower) Rank finish positions are more likely to 
be selected as parents, then genetic improvement in Rank may be possible over 
time as a small proportion of the phenotypic variation in Rank was found to be a 
result of additive genetic effects (h2 = 0.02). Alternatively, the observed genetic 
improvement in Rank over time may have been due to genetic improvement in a 
different trait that is genetically correlated to Rank. Taubert et al. (2007) reported 
no genetic improvement in Rank of Irish Greyhounds from the years 1994 to 2002, 
when analysis was performed using a single trait model. A positive genetic 
improvement in Rank was, however, obtained for the bivariate model, and this 
may have been due to the high genetic correlation between Race Time and Rank 
(Taubert et al., 2007).  
 
4.5.5. EBVs of Prolific British Greyhounds 
 
The current method of Greyhound selection for breeding is based on their own or 
their relative’s phenotypic racing performance. This traditional approach to 
selective breeding usually involves selection of dogs, or relatives of dogs, that have 
performed well in terms of race finish times or number of races won (Amphlett, 
1993; Clarke, 1980; Genders, 1975). Breeding using AI is common, resulting in the 
most popular Greyhound sires producing very large numbers of offspring. 
 
Defining a Greyhound sire or dam as a dog with at least one progeny in the data 
set, there were a total of 2,820 sires and 18,507 dams out of a total of 50,452 
British Greyhounds with performance records over a five-year period from 2008 to 
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2012. In comparison, Taubert et al. (2007) reported a total of 793 sires and 8,136 
dams out of a population of 42,880 Irish racing Greyhounds over a four-year 
period from 2000 to 2003.  
 
With the increased use of AI, relative ease of transport of semen between 
countries and ability to store canine semen long-term, it is possible for Greyhound 
sires to produce offspring worldwide and to continue to do so for many years after 
their death. This has resulted in the most popular racing Greyhound sires 
producing thousands of offspring per sire. In a study of 42,880 Irish Greyhounds, 
Taubert et al. (2007) reported that 43.7% of the total number of offspring in the 
study population had descended from just 18 Greyhound sires used extensively for 
breeding, each with over 500 progeny. 
 
4.5.5.1. EBVs of Prolific Greyhound Sires 
 
In the top 20 Greyhound sires in the present study, with respect to numbers of 
progeny in the data set, numbers of offspring produced per sire ranged from 817 
to 3,203. There was considerable variation in EBVs for Race Time (-0.031 to -
0.426), Speed (0.032 to 0.240) and Rank (0.104 to -0.143) within this group of 
Greyhounds used most frequently for breeding (Table 4.3). Within the top 20 
Greyhound sires, all EBVs were negative for Race Time and positive for Speed. 
None of these dogs, however, ranked in the top 5,000 Greyhounds overall in terms 
of genetic merit for the moderate-highly heritable trait Race Time (h2 = 0.44) or 
the moderately heritable trait Speed (h2 = 0.37). Three dogs (DogID 10,602, 
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Genetic Rank 5,169; DogID 10,590, Genetic Rank 8,006 and DogID 10,567, Genetic 
Rank 8,520) ranked in the top 10,000 Greyhounds with respect to genetic merit for 
Race Time. There was only one dog (DogID 10,602, Genetic Rank 8,118) ranked in 
the top 10,000 Greyhounds for Speed, and only a further eight dogs ranked within 
the top 20,000 Greyhounds. The most prolific breeding sire (DogID 10536) in the 
data set, with 3,203 progeny produced to date, was actually ranked 19,650th and 
21,316th overall in terms of genetic merit for Race Time and Speed, respectively. 
 
Taubert et al. (2007) similarly reported considerable variation in EBVs for the 10 
Irish Greyhound sires with the highest number of offspring (851 to 2,031 progeny), 
with EBVs ranging from 0.45 to -0.01 for the trait Racing Time. The 10 Greyhound 
sires used most intensively for breeding in Ireland were not the dogs with the best 
EBVs. Only one of the 10 dogs with the highest number of offspring had an EBV for 
Race Time among the top 30 evaluated Greyhounds. The dog with the eighth 
highest number of offspring (991 progeny) actually had a negative (less favourable) 
EBV of -0.01. 
 
4.5.5.2. EBVs of Prolific Greyhound Dams 
 
In the top 20 Greyhound dams in the present study, with respect to numbers of 
progeny in the data set, numbers of offspring produced per dam ranged from 36 to 
49. There was considerable variation in EBVs for Race Time (0.051 to -0.965), Speed 
(0.035 to 0.538) and Rank (0.392 to -0.429) within this group of Greyhounds (Table 
4.4). In contrast to the top 20 breeding sires, however, two of the dams (DogID 
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11855, Genetic Rank 17 and DogID 12758, Genetic Rank 34) were ranked in the top 
50 Greyhounds overall in terms of genetic merit for Race Time, and a further two 
dams were ranked within the top 500 Greyhounds. One of these dogs (DogID 
12758, Genetic Rank 25) was also ranked in the top 50 Greyhounds overall in terms 
of genetic merit for Speed, and a further five dams were ranked within the top 500 
Greyhounds. 
 
There is a physiological limit on the numbers of litters and puppies a Greyhound 
bitch can produce during her lifetime. Additionally, the Breeding and Sale of Dogs 
(Welfare) Act 1999, which applies to all breeding establishments producing dogs 
for sale, specifies that bitches cannot be mated before they are 12 months of age, 
can only produce one litter every 12 months, and must produce no more than six 
litters in a lifetime. Consequently, the number of offspring produced per 
Greyhound dam is usually considerably less than the number produced per 
Greyhound sire.  
 
4.5.6. Selection of Greyhounds for Breeding 
 
Moderate to high heritabilities and a trend of both phenotypic and genetic 
improvement over time in the performance traits Race Time and Speed, as well as 
a trend of genetic improvement in Rank, indicate that the current selection 
method for breeding based on phenotypic performance is effective for Race Time, 
Speed and Rank in British Greyhounds. This is, however, a slow and inefficient 
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method of animal improvement, and is not optimal for achieving genetic gain 
within the racing Greyhound population (Taubert et al., 2007).  
 
The calculation of Race Time, Speed and Rank EBVs for 73,344 British Greyhounds 
has identified that the dogs used most frequently for breeding, particularly the 
Greyhound sires producing large numbers of offspring, are not those with the 
greatest genetic merit. A major welfare concern in the Greyhound racing industry 
is the current over-breeding and production of surplus young Greyhounds that do 
not make the grade to race. It is likely that the main factor in this over-production 
and wastage is the inefficient selection of Greyhounds for breeding, with young 
dogs subsequently not performing as expected or as required.  
 
The results of the present study will potentially impact the Greyhound racing 
industry enormously, by demonstrating the urgent requirement for a move from 
breeding based on traditional methods of selection towards scientific methods 
using quantitative genetic analysis. Targeted genetic selection based on EBVs 
would be considerably more efficient, therefore resulting in less wastage and a 
faster rate of genetic improvement within the population compared to breeding 
based on phenotypic selection alone. This is likely to result in economic benefits 
across the entire Greyhound industry, for breeders, owners, trainers, regulatory 
and funding bodies, rehoming centres and rescue organisations. Importantly, 
targeted selection based on genetic merit may improve Greyhound welfare by 
enabling breeders to produce Greyhounds of predictable and superior genetic 
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merit, therefore significantly reducing the current issue of over-breeding and 
wastage of young dogs in the industry that do not make the grade to race.  
 
4.5.7. Future Work 
 
Genetic evaluations and calculation of EBVs for specific traits are dependent on 
the availability of accurate phenotypic and performance data relating to those 
traits. Should suitable data be available, further work could be performed to 
calculate variance components, estimated heritabilities, repeatabilities and EBVs 
for additional Greyhound performance, health and welfare-related traits.  
 
A potential negative impact of selecting Greyhounds for breeding based solely on 
race time or speed is that by increasing the speed of the Greyhound population we 
may in fact be selecting for dogs with lighter and weaker bones, and consequently 
dogs with a higher risk of injury and bone fracture. Several studies have reported 
increased rates of injuries in British Greyhounds as track running conditions 
become faster (Iddon et al., 2014; Prole, 1976). Additionally, in a survey of 
orthopaedic injuries at five Greyhound tracks in Wisconsin, USA, the rate of injury 
increased significantly with increasing grade of race, suggesting a possible 
correlation between injury rate and racing speed (Sicard et al., 1999).  
 
Historically, Greyhound injury data has been routinely collected by the RCPA for 
many GBGB-licensed race tracks in the UK. This injury data, however, was not 
usually made available, even on an anonymous basis, to anyone except a few 
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individuals within the RCPA and the Greyhound industry regulatory bodies 
(APGAW, 2007). At the time of the study, there was no accessible central database 
of injury data for racing Greyhounds in the UK. Currently, injury data and statistics 
are never published, neither for individual tracks nor the British Greyhound 
industry as a whole, even on an anonymous basis or in summary form. 
Consequently, it was not possible to consider quantitative genetic analysis of 
injury-related traits in the present study.  
 
EBVs are dynamic and can change when additional phenotypic, performance or 
pedigree data becomes available for a dog. In recent years, the GBGB have 
developed a Track Injury Database to act as a central repository for injury data 
collected from each of the GBGB-licensed stadiums (Greyhound Board of Great 
Britain, 2015). Should injury data become accessible in the future, it would 
therefore be possible to incorporate this in the genetic evaluations of racing 
Greyhounds and produce EBVs for specific health and welfare-related traits, such 
as bone fracture risk, trainability and longevity. It would then be possible for EBVs 
for speed and injury risk, for example, to be combined in a selection index. This 
would enable breeders and owners to select Greyhounds for breeding based on 
genetic merit for both speed and injury-resistance combined, therefore resulting in 
genetic improvement in the two traits simultaneously within the population. 
Similarly, genetic evaluations could be performed and EBVs calculated for other 
Greyhound health, welfare and economically-important traits where recorded 
data is available. The EBVs produced could be combined and used to create a 
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selection index that aids in selection of stronger, healthier, less injury-prone and 
higher-performing dogs of predictable and superior genetic merit.  
 
Such methods have been very successfully applied to other groups of animals for 
the simultaneous genetic improvement of a number of industry-important traits 
(Simm, 1998). Signet (2015) currently offer five breed-specific selection indexes for 
the genetic improvement of British beef cattle: the Beef Value Index based on 
EBVs for birth weight, 400-day growth, muscling score, muscle depth and back fat 
depth; the Calving Value Index combining EBVs for gestation length and calving 
ease; the Maternal Value Index using EBVs for longevity, age at first calving, 200-
day milk, maternal calving ease and calving interval; the Maintenance Value Index 
based on EBVs for cow weight; and the overall Maternal Production Value Index 
calculated from the other four indexes. Each trait is weighted within the particular 
index according to its economic importance in meeting specific breeding criteria 
and objectives. Signet (2015) also offer five selection indexes for British sheep. 
Similarly, the national Profitable Lifetime Index (£PLI) has been successfully used 
as a breed-specific screening tool for bull selection in British dairy herds, in order 
to improve overall profitability (Agriculture and Horticulture Development Board, 
2014). The index combines EBVs for milk yield, milk quality, conformation, 
longevity, maintenance costs, fertility and calving ease.  
 
In addition, approximately 75% of Greyhounds that race in the UK were originally 
bred and born in Ireland, with the remaining 25% bred in Britain (APGAW, 2007). 
Consequently, the majority of Greyhounds in the data set of the present study 
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were originally bred in Ireland, before being transferred to the UK at an early stage 
in their racing career. Further work may involve collaboration with the Irish 
Greyhound racing authorities, to enable EBVs to be made available to breeders 
and owners in Ireland where the majority of Greyhounds for the British racing 
industry are currently produced. 
 
4.5.8. Conclusions 
 
In the largest genetic study of racing Greyhound performance to date and the first 
to calculate variance components and EBVs for British Greyhounds, a total of 
1,711,489 race results for 50,452 individual dogs were examined. In conclusion, 
estimated heritabilities were found to be moderate-high for the trait Race Time 
(0.44), moderate for Speed (0.37) and low for Rank (0.02). Repeatabilities were 
moderate-high for Race Time (0.56) and Speed (0.52), and low for rank (0.03). 
EBVs were calculated for 73,344 British Greyhounds, and varied from 3.340 (worst) 
to -1.090 (best) (SD 0.196) for Race Time, -0.786 (worst) to 0.666 (best) (SD 0.126) 
for Speed and 0.491 (worst) to -0.633 (best) (SD 0.098) for Rank. Over a 12 year 
period, genetic improvements equivalent to 0.021 s per year, 0.013 m/s per year 
and 0.0025 rank finish positions per year were found for the performance traits 
Race Time, Speed and Rank, respectively. There was, however, considerable 
variation in EBVs for Race Time (-0.031 to -0.426) (SD 0.09), Speed (0.032 to 0.240) 
(SD 0.05) and Rank (0.104 to -0.143) (SD 0.07) within the group of 20 Greyhounds 
with the greatest numbers of offspring (817 to 3,203 progeny). For the 
performance traits examined, the British Greyhound sires used most frequently for 
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breeding were not those with the greatest genetic merit. Using speed (or race time 
as a function of speed) as an example trait, the present study demonstrates that 
targeted genetic selection based on EBVs would be considerably more efficient 
than the current selection method of breeding based on phenotypic performance. 
EBV-based selection for a combination of health, welfare and economically 
important traits can be used to produce dogs of predictable and superior genetic 
merit. Consequently, this may improve Greyhound welfare considerably by 
minimising the number of surplus dogs produced. 
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5. Genome-Wide Association Study of Stress Fracture Injuries in the 
Racing  Greyhound 
 
5.1. Introduction 
 
5.1.1. Stress Fractures 
 
5.1.1.1. Stress Fracture Injuries of the Racing Greyhound 
 
Racing Greyhounds sustain several specific musculoskeletal injuries that are 
relatively uncommon in other working or companion dogs (Davis, 1967; Hickman, 
1975; Prole, 1976; Vaughan, 1969). This is a result of both their anatomy and the 
nature of repetitive high-speed racing in an anticlockwise direction around 
elliptical tracks (Davis, 1973; Prole, 1976). A combination of environmental factors 
are likely to contribute to the occurrence of racing injuries, including sex of the 
dog; fitness level; grade of race; speed; race distance; track design; degree of 
banking and radius of the bends; track surface material and conditions; track 
maintenance; and the weather (Cook, 1998; Davis, 1973; Gannon, 1972; Hickman, 
1975; Sicard et al., 1999; Prole, 1976; Vaughan, 1969). The influence of genetic 
factors on the occurrence of racing injuries in Greyhounds, however, has not 
previously been reported.   
 
Bone fractures are common racing injuries of Greyhounds (Prole, 1976; Sicard et 
al., 1999), and usually occur in the distal limb (Gannon, 1972). The majority of 
fractures are not associated with direct trauma (Siccard et al., 1999), but are 
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instead considered a result of bone fatigue, due to cyclic compressive loading 
causing an accumulation of micro-damage in the bone beyond its rate of repair by 
remodelling. Catastrophic fracture eventually occurs through micro-crack 
dissemination or coalescence. Such fractures are known as fatigue or stress 
fractures (Devas, 1961; Gannon, 1972; Taylor 1997, 1998). 
 
In the racing Greyhound, stress fractures have been described in the CTB (Bergh et 
al., 2012; Boudrieau et al., 1984a, 1984b; Devas, 1961; Emmerson et al., 2000; 
Gannon, 1972; Johnson et al., 2000; Muir et al., 1999; Tomlin et al., 2000), the MC 
and MT bones (Bellenger et al., 1981; Emmerson et al., 2000; Gannon, 1972; 
Johnson et al., 2001; Lipscomb et al., 2001) and the acetabulum (Wendelburg et 
al., 1988). Stress fractures are frequently observed in human athletes (Brukner et 
al., 1996; Devas, 1969), racehorses (O’Sullivan and Lumsden, 2002, 2003) and in 
military recruits (Cline et al., 1998; Kowal, 1980; Ross and Allsopp, 2002). Stress 
fractures are common injuries of the racing Greyhound, however they are rarely 
seen in other breeds of dog (Emmerson et al., 2000). 
 
Stress fractures of the tarsal bones (Figure 1.4 and Figure 1.5) are one of the most 
common catastrophic and career-threatening injuries of the racing Greyhound, 
and account for approximately 67% of all injuries to the tarsus in British 
Greyhounds (Prole, 1976). The majority of these injuries involve fracture of the 
CTB (Boudrieau et al., 1984a; Gannon, 1972; Guilliard, 2000; Prole, 1976), and 
most frequently occur in the right pelvic limb (Boudrieau et al., 1984a; Davis, 1967; 
Devas, 1961; Gannon, 1972; Guilliard, 2000; Keene and Yarborough, 1966; Prole, 
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1976). This is most likely due to the stresses placed on the right tarsal joint during 
anticlockwise racing at high speeds (Anderson et al., 1995). In the UK, Greyhounds 
sustaining tarsal fractures are often retired from racing or euthanased, mainly due 
to the financial costs of surgical treatment, the requirement for a long rest period 
and the possibility that the Greyhound may not regain its previous racing 
performance (Guilliard, 2000; Jones, 2009). 
 
In addition, stress fractures of the MC (Figure 1.2 and Figure 1.6) and MT (Figure 1.3 
and Figure 1.5) bones are frequently observed injuries of the racing Greyhound 
(Bellenger et al., 1981; Emmerson et al., 2000; Gannon, 1972; Johnson et al., 2001; 
Lipscomb et al., 2001; Piras, 2005). The majority of MC fractures occur in the left 
thoracic limb, with the fifth metacarpal bone (MC5) most frequently affected. This 
is thought to be the result of increased loading of the MC bones closest to the inner 
circumference of the track during anticlockwise racing (Bellenger et al., 1981; 
Emmerson et al., 2000; Gannon, 1972; Prole, 1967). Stress fractures of the left 
fourth (MC4) and the right second (MC2) and third (MC3) metacarpal bones are 
also commonly observed (Bellenger et al., 1981; Gannon, 1972; Piras, 2005). In the 
pelvic limb, stress fractures of the left fifth (MT5) and the right third (MT3) 
metatarsal bones are most frequent (Piras, 2005).  
 
5.1.1.2. Genetic and Environmental Risk Factors for Stress Fracture Injuries 
 
It is hypothesised that stress fracture is a multifactorial multigenic disorder 
resulting from the combined effects of both genetic and environmental factors 
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(Yanovich et al., 2012). A number of risk factors have been identified in the 
development of stress fractures in human athletes and military recruits, including 
training intensity, tibia width, training surface, nutrition, smoking and motivation, 
gender, age, height, type of physical activity, fitness level at the start of a physical 
training program, serum parathyroid hormone concentration, serum vitamin D 
concentration, and BMD (Jones et al., 2002; McClung and Karl, 2010; Ruohola et al., 
2006; Valimaki et al., 2005a).  
 
There is indirect evidence suggesting the involvement of genetic factors in the 
pathogenesis of stress fractures in humans (Friedl et al., 1992; Giladi et al., 1986; 
Givon et al., 2000; Milgrom et al., 1985; Singer et al., 1990). In addition, several 
candidate gene association studies have been performed to investigate genetic 
factors in the development of stress fractures in military recruits (Chatzipapas et 
al., 2009; Korvala et al., 2010; McClung and Karl, 2010; Valimaki et al., 2005b; 
Yanovich et al., 2011, 2012). Chatzipapas et al. (2009) reported that the FokI and 
BsmI polymorphisms in the VDR gene were independent risk factors for stress 
fracture in Greek military recruits, associated with a 2.7-fold and 2.0-fold increased 
risk, respectively.  
 
The investigation of genetic factors in the pathogenesis of stress fractures in racing 
Greyhounds, however, has not previously been reported. 
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5.1.2. Genome-Wide Association Studies (GWAS) 
 
Sequencing of the canine genome in 2005 led to the development of an extensive 
canine SNP map, containing 2.5 million SNPs with even distribution across the 
canine genome and high cross-breed polymorphism (Lindblad-Toh et al., 2005). 
Consequently, the production of canine whole-genome SNP genotyping arrays has 
enabled the use of GWAS to investigate polymorphisms associated with disease in 
any breed of dog (Baird et al., 2014; French et al., 2012; Massey et al., 2014; Tsai 
et al., 2011; Wood et al., 2009; Zhao et al., 2014). GWA studies use an unbiased 
hypothesis-free approach to investigate genetic variations associated with a 
particular phenotype, by examining known SNPs across the entire genome in a 
case-control study design. Genotypes of affected (case) and unaffected (control) 
individuals are compared, in order to detect differences in the DNA sequence and 
therefore identify regions of chromosomes that may be associated with the trait. 
GWAS are particularly useful for detecting genetic variations that contribute to 
common, complex diseases, and have become the method of choice for such 
studies (Iles, 2011).  
 
Within-breed GWAS can identify regions of chromosomes associated with the 
disease, which are then validated using fine-mapping of a larger cohort from the 
same population. This is followed by targeted sequencing across the region to 
identify candidate causal variants (Bokyo, 2011). 
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5.1.2.1. Linkage Disequilibrium 
 
The number of SNPs required for GWAS varies according to the pattern of linkage 
disequilibrium (LD) within the population (Andersson, 2009). LD is defined as the 
non-random association of alleles at two or more loci, such that certain 
combinations of alleles are more likely to occur together on a chromosome than 
others. The human population is out-bred and genetically diverse, with LD 
extending over relatively short distances of 10 to 100 kilobases (kb) (Reich et al, 
2001). In comparison, canine breeds are of recent origin, with population 
bottlenecks, strict breeding rules and use of popular sires creating genetically 
isolated populations, with reduced genetic diversity within breeds. This has 
resulted in large haplotype blocks and extensive within-breed LD (0.5 - 1.0 
megabases), extending up to 100 times further than in humans (Lindblad-Toh et 
al., 2005; Sutter et al., 2004). Consequently, fewer genetic markers (approximately 
15,000 to 30,000 SNPs) are required for GWAS to detect disease associations in 
dogs, compared to an estimated 500,000 SNPs in humans (Lindblad-Toh et al., 
2005; Sutter et al., 2004).  
 
5.1.2.2. GWAS Sample Sizes 
 
Large sample sizes (usually multiple thousands) are required for human GWAS, to 
ensure sufficient statistical power to detect an associated locus. The criteria for 
case and control selection, logistics of DNA sample collection and current costs of 
genome-wide SNP genotyping can restrict the practicable sample size for canine 
GWA studies. As a result of canine breed structure, small breeding populations and 
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the use of popular sires exaggerating the genetic contribution of a single dog to 
the whole breed, however, canine traits can be successfully mapped using 
relatively small sample sizes (Parker, 2012). Karlsson et al. (2007) demonstrated 
that using 27,000 SNPs, a Mendelian trait can be mapped using approximately 10 
affected (case) and 10 unaffected (control) dogs. Power calculations have 
indicated that for a multigenic trait, a study using 100 affected and 100 unaffected 
dogs would have 97% power or 50% power to detect an allele that increases risk 
by a multiplicative factor (λ) of five or two, respectively (Lindblad-Toh et al., 2005). 
Many canine GWAS, however, have identified statistically significant genetic risk 
factors associated with disease using smaller sample sizes than this.  
 
Wilbe et al. (2010) identified five loci associated with a canine systemic lupus 
erythematosus related disease complex by conducting a GWAS with 81 affected 
and 57 unaffected dogs. The authors concluded that the homogeneity of strong 
genetic risk factors within canine breeds enables multigenic diseases to be 
mapped with fewer than 100 affected and 100 unaffected dogs. Wood et al. (2009) 
identified SNPs associated with canine atopic dermatitis by conducting a GWAS 
using 25 affected and 23 unaffected dogs. Similar numbers of cases and controls 
were used in a discovery GWAS to identify regions nominally associated with anal 
furunculosis in the German shepherd dog (Massey et al., 2014). Consequently, an 
initial case-control discovery GWAS can be performed using a small number of 
affected and unaffected dogs, to identify regions of chromosomes associated with 
stress fracture in the racing Greyhound. Any associations identified would require 
confirmation by fine-mapping in a validation study, and subsequent targeted 
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sequencing of the identified regions of interest, in order to determine specific 
genetic risk factors. 
 
 
5.2. Aims 
 
The aims of the study were to establish the first DNA archive for British racing 
Greyhounds, for use in the present study and for future scientific research, and to 
perform a discovery GWA study investigating genetic factors that may predispose 
racing Greyhounds to developing stress fracture injuries of the distal limb. 
 
 
5.3. Materials and Methods  
 
5.3.1. Sample Collection and Preparation 
 
A total of 237 canine DNA samples were collected from case (affected) racing 
Greyhounds that had taken part in less than 50 races and had previously sustained 
a tarsal, metacarpal or metatarsal stress fracture (n = 91 dogs), and from healthy 
control (unaffected) racing Greyhounds that had competed in over 70 races and 
never sustained a fracture or other orthopaedic injury (n = 146 dogs), as described 
in Chapter 2.2.1.  
 
All control Greyhound DNA samples were collected using Oragene®-Animal OA-
400 saliva collection kits (Oragene®, DNA Genotek Inc., Ontario, Canada). DNA 
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samples from case Greyhounds were obtained from either saliva samples collected 
using Oragene®-Animal kits, or from collection of muscle or skin tissue samples 
post-mortem. Muscle tissue samples were collected from 51 affected Greyhounds 
(33 males and 18 females), and skin samples from two affected Greyhounds (one 
male and one female), that had each sustained a stress fracture of the tarsus and 
had been euthanased at the race track for reasons unrelated to the present study. 
Saliva samples were collected from 38 affected Greyhounds (21 males and 17 
females) that had previously sustained a stress fracture of the tarsus (30 
Greyhounds), metacarpus (two Greyhounds) or metatarsus (six Greyhounds), and 
were returned to racing or retired. In addition, saliva samples were collected from 
146 healthy control Greyhounds (80 males and 66 females). The various sample 
collection methods are described in Chapter 2.2.1.  
 
Phenotypic and performance data were obtained for each Greyhound, and their 
pedigree traced back six generations using the online resource Greyhound-Data 
(2014).  
 
5.3.2. DNA Extraction and Quantification  
 
Extraction of DNA from the saliva, muscle and skin tissue samples was performed 
by the author as described in Chapter 2.2.2. For each sample, DNA was then 
quantified using the Quant-iT™ dsDNA Broad-Range Assay Kit (Invitrogen™, Life 
Technologies, Paisley, UK) and measured with a Qubit® fluorometer (Invitrogen™, 
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Life Technologies, Paisley, UK), according to the manufacturer's instructions. The 
extracted DNA samples were stored at -40oC until required for further processing. 
 
5.3.3. Selection of Case and Control Samples for GWAS 
 
Illumina® genome-wide SNP genotyping requires 4 µl of DNA per sample, at a 
recommended minimum concentration of 20 ng/µl. None of the DNA samples 
extracted from Greyhound muscle or skin tissue contained a sufficient 
concentration of DNA to be suitable for inclusion in the GWAS. As a result, all of 
the case and control DNA samples selected for Illumina® genotyping were samples 
extracted from Greyhound saliva collected using the Oragene® Animal kits. 
 
In the present study, the logistics of a GWA study restricted the number of 
samples to 24 cases and 24 controls. DNA samples from 24 racing Greyhounds (13 
males and 11 females) that had sustained a stress fracture of the distal limb were 
selected as cases for the GWA study. The injuries sustained by these Greyhounds 
consisted of 19 tarsal fractures (11 right limb, two left limb, one both right and left 
limb, and five unknown limb); four MT fractures (two left limb, one right limb, and 
one unknown limb); and one MC fracture (left limb). DNA samples from 24 healthy 
and injury-free racing Greyhounds (12 males and 12 females) were selected as 
controls.  
 
In order to reduce bias and to limit the effect of population stratification on 
results, individuals sampled for GWAS should be selected from the same 
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underlying population (Anderson et al., 2010). In the present study, case and 
control individuals were matched by breed and were sampled from the same 
population. All Greyhounds included in the study were associated with one GBGB-
licensed Greyhound stadium in the North-West of the UK. Due to the limited 
availability of samples, it was not possible to perform further matching of case and 
control individuals. 
 
A case-control study design for GWAS is based on the assumption that the 
individuals in the study population are 'unrelated', in that the maximum familial 
relationship between any two individuals is less than that of a second-degree 
relative (Anderson et al., 2010). Following DNA extraction and quantification for all 
biological samples collected in the study, selection of DNA samples to be included 
in the GWAS was limited (by DNA concentration) to those obtained from 
Greyhound saliva samples. The six-generation pedigree of each Greyhound with a 
salivary DNA sample was examined, and DNA samples were selected based on 
suitability of the dog for meeting or exceeding the specified case or control 
criteria, the quality and quantity of the DNA sample, and at the same time 
ensuring that all Greyhounds selected for the GWAS were as unrelated as possible. 
Phenotypic data for the case and control individuals are summarised in Appendix 
9. 
 
The selected DNA samples were thawed and vortexed briefly, and 10 µl of each 
sample transferred to a PCR tray as displayed in Table 5.1. Case and control 
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samples were allocated to alternate wells in the plate rather than two separate 
blocks, to reduce the risk of bias in the genotyping procedure. 
 
  1 2 3 4 5 6   
A S044 S106 S184 S097 S026 S006 Case 
B S036 S111 S116 S193 S177 S147 Control 
C S047 S107 S185 S029 S073 S079 Case 
D S058 S123 S180 S178 S105 S054 Control 
E S122 S125 S150 S081 S095 S088 Case 
F S066 S148 S143 S060 S082 S086 Control 
G S085 S171 S053 S025 S108 S001 Case 
H S076 S146 S033 S043 S074 S109 Control 
Key: Female 
Male 
 
Table 5.1. The allocation of racing Greyhound DNA samples to 48 wells in a PCR 
plate for the Genome-Wide Association Study (GWAS). Case (affected) and control 
(unaffected) samples were allocated to alternate wells, with male (blue) and 
female (pink) samples mixed on an ad hoc basis.  
 
 
5.3.4. Illumina® Genotyping  
 
Genome-wide SNP genotyping of the 48 Greyhound DNA samples was performed 
using the Illumina® CanineHD BeadChip and Infinium HD Ultra Assay (Illumina, San 
Diego, California, USA), with genotyping and imaging carried out at the Arthritis 
Research UK Centre for Genetics and Genomics at the University of Manchester 
(Manchester, UK).  
 
The second generation Illumina® CanineHD BeadChip provides genome-wide 
coverage using 173,662 evenly spaced and validated SNPs derived from the 
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CanFam2.0 canine reference sequence assembly, with an average genome 
coverage of greater than 70 SNPs per megabase (Mb). The CanineHD BeadChip 
was developed by Illumina in collaboration with the LUPA Consortium (Lequarre et 
al., 2011), which includes 22 European universities and other partners. SNPs were 
selected from the 2.5 million SNP set created by the Dog Genome Project, and a 
hybridisation-based targeted re-sequencing method of SNP discovery was used 
within gaps in the SNP map, to identify a further 1,696 SNPs. The Illumina® 
CanineHD BeadChip provides greater than 99% average call rates and a high 
accuracy of 99.99% reproducibility. The SNP content of the Illumina® CanineHD 
BeadChip is highly polymorphic, with SNPs selected from a diverse set of dog 
breeds, therefore enabling the investigation of genetic variation and disease 
mapping in all domestic breeds of dog.  
 
Genotyping was performed according to the manufacturer's protocol (Illumina, 
Inc., 2009). Briefly, the DNA sample was denatured and neutralised prior to 
overnight isothermal whole-genome amplification. The amplified product was 
then fragmented using a controlled enzymatic procedure, to avoid over-
fragmentation of the sample. The fragmented DNA was precipitated using 100% 
isopropanol, then collected by centrifugation at 4oC. Following re-suspension of 
the precipitated DNA in a hybridisation buffer, the DNA was annealed to locus-
specific probes on the Illumina® CanineHD BeadChip and incubated at 48oC for 16 
hours. The BeadChip was then washed to remove unhybridised and non-
specifically hybridised DNA. Single-base extension of the oligos attached to the 
BeadChip was performed, using the captured DNA as a template, to incorporate 
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detectable labels on the BeadChip and determine the genotype call for the sample. 
Using a technique based on immunohistochemistry, the BeadChips were stained in 
order to increase the intensity of the signal. The BeadChips were washed and 
coated, then imaged and read using the Illumina® iScan System (Illumina, San 
Diego, California, USA) array scanner, which records high-resolution images of the 
light emitted from the fluorophores of the single-base extension product on the 
BeadChip. Finally, the fluorescent intensity data were output to Illumina 
GenomeStudio™ software, and automated SNP calling was performed using the 
GenCall software algorithm.  
 
Genotyping data was analysed using the freely available, open-source whole 
genome association analysis software PLINK, version 1.07 (Purcell et al., 2007; 
Purcell, 2009). Graphical representation of the data was performed using the 
software packages Haploview, version 4.2 (Barrett et al., 2005) and R, version 3.1.1 
(The R Foundation for Statistical Computing, 2014). 
 
5.3.5. Data Cleaning and Quality Control 
 
The raw genotypic data were input to the whole-genome association analysis 
software PLINK, version 1.07 (Purcell et al., 2007; Purcell, 2009). Prior to 
statistically testing for association, the data were assessed and filtered in order to 
identify and exclude DNA samples and SNPs that may introduce bias. The X-
chromosome heterozygosity rate was used to check that the estimated gender of 
an individual, based on genotyping data, was concordant with their reported 
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gender. The sample call rate is the proportion of called SNPs per sample out of the 
total number of SNPs in the data set. Individuals with a sample call rate < 92% 
were excluded, resulting in the removal of three case (affected) individuals due to 
low genotyping. The genotype call rate refers to the proportion of genotypes per 
SNP with non-missing data, and the minor allele frequency is the frequency of the 
least common allele at a given locus in a given population. SNPs with a genotyping 
call rate < 95% and/or a minor allele frequency < 0.01 were excluded, resulting in 
exclusion of 19,909 SNPs and 53,951 SNPs, respectively.  
 
The Hardy-Weinberg equilibrium states that gene and genotype frequencies will 
remain constant from one generation to the next in a large random-mating, 
homogenous population with no selection, mutation or migration (Falconer and 
Mackay, 1996; Simm, 1998). If the gene frequencies of two alleles at a biallelic 
locus in Hardy-Weinberg equilibrium are p and q, and given a minor allele 
frequency of q, the frequencies of the three possible genotypes aa, Aa and AA, are 
(1 − q)2, 2q(1 − q) and q2, respectively (Anderson et al., 2010; Falconer and Mackay, 
1996). A total of 75 SNPs failed the Hardy-Weinberg Equilibrium test (p ≤ 0.0001) 
in the control population, and were therefore excluded.  
 
After filtering, frequency and genotyping quality control and assessment for 
population stratification, 21 cases and 24 controls (23 males and 22 females) and a 
total of 105,431 SNPs remained, to be included in further analysis. 
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5.3.6. Genome-Wide Association Analysis 
 
The data were analysed for genome-wide association using a case-control allelic 
test in PLINK, version 1.07 (Purcell et al., 2007; Purcell, 2009), using the commands 
--assoc and --dog, based on comparing allele frequencies between Greyhounds 
with (cases) and without (controls) a stress fracture. The command --adjust was 
used to apply the Bonferroni correction for multiple testing.  
 
The position of associated SNPs on the chromosome and potential causative genes 
were identified from the CanFam2.0 and CanFam3.1 canine genome assembly 
using the Ensembl online public database (Ensembl, 2014). Graphical 
representation of the data was performed using the software packages Haploview, 
version 4.2 (Barrett et al., 2005) and R, version 3.1.1 (The R Foundation for 
Statistical Computing, 2014). 
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5.4. Results 
 
5.4.1. Creation of a DNA archive of British Racing Greyhounds 
 
A total of 237 DNA samples (135 males and 102 females) were obtained, 
extracted, quantified and stored to create a racing Greyhound DNA archive for use 
in the present study and for future genetic research. 91 of the DNA samples (55 
males and 36 females) were obtained from Greyhounds that had sustained a stress 
fracture of the tarsus (n = 83 dogs), metatarsus (n = six dogs) or metacarpus (n = 
two dogs), and 146 of the samples (80 males and 66 females) were obtained from 
healthy racing Greyhounds that had never sustained an orthopaedic injury. 
Detailed phenotypic, performance, pedigree and injury data were obtained for 
each DNA sample within the archive. 
 
5.4.2. Genome-Wide Association Study 
 
Following analysis for genome-wide association in PLINK, a quantile-quantile (Q-Q) 
plot of the data was produced (Figure 5.1) using the statistical software R, version 
3.1.1 (The R Foundation for Statistical Computing, 2014), to compare the observed 
distribution of the GWA test statistics with the expected null distribution. The Q-Q 
plot is a graphical representation of -log10 p-values from a logistic regression for all 
105,431 SNPs that passed the quality control criteria, under a multiplicative model 
of association. The Q-Q plot (Figure 5.1) illustrates minor deviations in observed 
results from the null distribution, except in the upper tail of the distribution which 
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correspond to the most statistically significant SNPs (Clarke et al., 2011). As the 
majority of results are shown to follow the null distribution, this suggests that 
population stratification is unlikely to be of concern in the present study (Clarke et 
al., 2011). The genomic inflation factor (λ) based on median chi-squared was 1.45. 
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Figure 5.1. A quantile-quantile (Q-Q) plot of -log(expected p-values) and -log(Unadjusted observed p-values) for the Genome-Wide 
Association Study (GWAS) of stress fracture injuries in the racing Greyhound. 
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To determine whether SNPs are significant, human GWA studies use a significance 
threshold in which a p-value ≤ 0.0000007 is considered as very highly associated 
and a p-value ≤ 0.00001 considered as reasonably associated with the phenotype. A 
significance threshold set at p ≤ 0.00001 has been considered suitable to assess the 
association of SNPs in canine GWA studies (Baird et al., 2014; Wood et al., 2009), 
due to the extended linkage disequilibrium in the canine genome. Any association 
of SNPs in which p ≤ 0.00001 would be considered as associated with disease 
susceptibility, and would be confirmed by fine-mapping in a validation study. 
Previous canine GWA studies have, however, identified and selected SNPs with 
lower significance thresholds of p ≤ 0.0001 or p ≤ 0.001 for further genotyping in a 
larger cohort, and subsequently found significant associations (Massey et al., 2014). 
 
Using a significance threshold set at p ≤ 0.00001, any association of SNPs in the 
present study in which p ≤ 0.00001 would be considered as associated with disease 
susceptibility and therefore an increased risk of stress fracture. Following analysis 
of the GWAS data, no SNPs were found to reach genome-wide statistical 
significance at the p ≤ 0.00001 significance level. 11 SNPs were significantly 
associated at the p ≤ 0.0001 level, however, and a further 96 SNPs were 
significantly associated at the p ≤ 0.001 level. No SNPs were statistically significant 
following Bonferroni corrections to adjust for multiple testing. 
 
A whole-genome association plot of significance (Manhattan plot) was produced 
using Haploview, version 4.2 (Barrett et al., 2005), to display the association test  
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-log10 unadjusted p-values for each SNP (CanFam3.1) as a function of chromosomal 
location (Figure 5.2). Each chromosome is represented on the plot by a different 
colour. The SNPs most significantly associated with stress fracture in racing 
Greyhounds correspond to those with the greatest -log10 p-values (Clarke et al., 
2011). The blue and red horizontal lines indicate a significance threshold level of p 
≤ 0.001 and p ≤ 0.0001, respectively. The Manhattan plot illustrates that SNPs 
present on chromosomes 20, 22 and 27 are associated with stress fracture in 
racing Greyhounds at the p ≤ 0.0001 significance level, based on the CanFam3.1 
canine genome assembly. An additional number of SNPs present on various 
chromosomes are associated with stress fracture at the p ≤ 0.001 significance 
level. 
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Figure 5.2. A Manhattan Plot for racing Greyhounds following genome-wide association analysis. The blue and red horizontal lines 
indicate a significance threshold level of p ≤ 0.001 and p ≤ 0.0001, respectively, for SNPs (CanFam3.1) associated with stress 
fracture in racing Greyhounds. Each SNP is represented by its -log10 p-value and chromosomal location. Key: Chr = Chromosome. 
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The GWAS analysis identified chromosome positions of SNPs based on the 
CanFam3.1 canine genome assembly. The most significantly associated SNP 
(BICF2P1266953), as well as the 12th ranking SNP (BICF2P252391), were initially 
identified as unmapped regions with an unknown chromosome (0) and position (0). 
Consequently, the -log10 p-values for these two SNPs are missing from the 
Manhattan plot graphical representation of the GWAS results (Figure 5.2). A search 
of the previous CanFam2.0 version of the canine genome assembly, investigating 
whether the SNP chromosomal positions had been identified on the preceding SNP 
map, subsequently found both SNPs to be located on the X-chromosome. 
 
SNPs associated with stress fracture in racing Greyhounds at the p ≤ 0.0001 
significance level were present on the X-chromosome (1 SNP) (Figure 5.3), and 
chromosomes 20 (6 SNPs) (Figure 5.4 and Figure 5.5), 22 (2 SNPs) and 27 (2 SNPs) 
(Figure 5.6). Additional associated SNPs at the p ≤ 0.001 significance level were 
present on the X-chromosome (1 SNP), and chromosomes 2 (3 SNPs), 3 (4 SNPs), 5 
(5 SNPs), 7 (1 SNP), 8 (7 SNPs), 12 (1 SNP), 13 (3 SNPs), 14 (3 SNPs), 15 (6 SNPs), 17 
(7 SNPs), 18 (1 SNP), 20 (13 SNPs), 21 (3 SNPs), 22 (4 SNPs), 23 (3 SNPs), 24 (1 SNP), 
25 (2 SNPs), 26 (11 SNPs), 27 (2 SNPs), 28 (2 SNPs), 29 (6 SNPs), 32 (2 SNPs), 34 (4 
SNPs) and 37 (1 SNP).   
 
The position of associated SNPs on the chromosome and potential causative genes 
were identified from the CanFam2.0 and CanFam3.1 canine genome assembly using 
the Ensembl online public database (Ensembl, 2014). 
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The allelic odds ratio (OR) describes the association between disease and allele by 
comparing the odds of disease (stress fracture) in an individual carrying the minor 
(second most common) allele A1 to the odds of disease in an individual carrying the 
major (most common) allele A2 (Clarke et al., 2011). The data for each SNP with 
minor allele A1 and major allele A2 in case and control groups containing n 
individuals can be represented as a 2 x 2 contingency table of disease status by 
allele count (Table 5.2). 
 
Allele A1 A2 Total 
Cases m11 m12 m1. 
Controls m21 m22 m2. 
Total m.1 m.2 2n 
 
Table 5.2. The genome-wide association study (GWAS) data for each single 
nucleotide polymorphism (SNP) with minor (second most common) allele A1 and 
major (most common) allele A2 in case and control groups containing n individuals 
can be represented as a 2 x 2 contingency table of disease status by allele count. 
 
 
The allelic OR for the minor allele A1 is estimated by: 
ORA1 = (m11m22) / (m12m21)      
        (Clarke et al., 2011)  
 
Under the null hypothesis of no genetic association of allele with the disease (stress 
fracture), the relative allele frequencies are expected to be equal in both case and 
control groups. An allelic association test is therefore based on a simple chi-squared 
test for independence of rows and columns of the contingency table (Table 5.2): 
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X
2 = ∑ ∑ (XYZ[\XYZ])[[XYZ]
`aba             Where: E[mij] = XY.X.Zc    
X
2 has a chi-squared distribution with one degree of freedom under the null 
hypothesis of no association (Clarke et al., 2011). 
 
The top 50 most significantly associated SNPs (p ≤ 0.001) identified in the present 
study GWAS analysis are displayed in Table 5.3. Details are provided of the 
chromosome and position (base pair) of each identified SNP on the canine genome 
assembly SNP map (CanFam3.1 or CanFam2.0), frequency of the minor allele A1 in 
cases and controls, basic allelic test chi-square value (one degree of freedom), 
asymptotic p-value for this test and the estimated odds ratio for the minor allele 
A1. 
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Table 5.3. Racing Greyhound stress fracture GWAS results: the top 50 most significantly associated SNPs (p ≤ 0.001) from the GWAS analysis. 
Key: Rank = order of statistical significance [1 (lowest p-value) to 50 (highest p-value)]; SNP = Identity of SNP marker; Chr = Chromosome; 
Position = Physical location (base-pair) of the SNP based on the CanFam3.1 or CanFam2.0 canine genome assembly SNP map; A1 = Minor 
(second most common) allele name (based on whole sample); F_A = Frequency of minor allele in cases; F_U = Frequency of minor allele in 
controls; A2 = major (most common) allele name; CHISQ = Basic allelic test chi-square (1 degree of freedom); p-value = Asymptotic p-value for 
this test; OR = Estimated odds ratio for A1 (minor allele).  
 
Rank SNP Chr Position (bp) CanFam3.1  A1 F_A F_U A2  CHISQ p-value  OR 
      (unless stated otherwise)           
1 BICF2P1266953 X 100823429 (CanFam2.0) G 0.6905 0.2609 A  16.28 0.0000545 6.321 
2 BICF2P1136919 20 6030423 C 0.6667 0.25 T  15.75 0.0000723 6 
3 BICF2S22910736 20 6046176 T 0.6667 0.25 C  15.75 0.0000723 6 
4 BICF2P303083 20 6051952 G 0.6667 0.25 T  15.75 0.0000723 6 
5 BICF2P1456588 20 6067545 T 0.6667 0.25 C  15.75 0.0000723 6 
6 BICF2P1384557 20 6077152 T 0.6667 0.25 C  15.75 0.0000723 6 
7 BICF2P1242669 20 6080783 A 0.6667 0.25 G  15.75 0.0000723 6 
8 BICF2S23433818 27 11906685 G 0.6667 0.25 A  15.75 0.0000723 6 
9 BICF2G630142608 27 12568738 A 0.6667 0.25 G  15.75 0.0000723 6 
10 BICF2P229977 22 57627954 A 0.619 0.2083 G  15.74 0.0000725 6.175 
11 BICF2G63089383 22 57646359 G 0.619 0.2083 T  15.74 0.0000725 6.175 
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Table 5.3. Continued: 
Rank SNP Chr Position (bp) CanFam3.1 A1 F_A F_U A2 CHISQ p-value OR 
      (unless stated otherwise)          
12 BICF2P252391 X 100811736 (CanFam2.0)  C    0.6905 0.2917 T 14.28 0.0001576 5.418 
13 BICF2P647060 15 51461868 T 0.3095 0.02083 C 14.21 0.0001633 21.07 
14 BICF2S23110295 28 39987716 G 0.1429 0.5208 A 14.17 0.0001668 0.1533 
15 TIGRP2P184870_rs9068575 13 60474403 C 0.6667 0.2708 T 14.15 0.0001687 5.385 
16 BICF2S23530035 2 22814727 C 0.5952 0.2083 T 14.11 0.0001725 5.588 
17 BICF2P1024144 5 10561319 T 0.02381 0.3333 A 14.01 0.0001821 0.04878 
18 BICF2P381996 17 7630555 A 0.381 0.0625 G 13.64 0.0002214 9.231 
19 BICF2G630222626 17 7791434 G 0.381 0.0625 A 13.64 0.0002214 9.231 
20 BICF2G630222618 17 7796930 C 0.381 0.0625 T 13.64 0.0002214 9.231 
21 TIGRP2P364726_rs8713314 29 11167861 T 0.381 0.0625 C 13.64 0.0002214 9.231 
22 BICF2P313893 29 39107083 G 0.381 0.0625 A 13.64 0.0002214 9.231 
23 BICF2P658495 15 50425208 C 0.4762 0.125 T 13.45 0.0002452 6.364 
24 BICF2P389418 34 13037291 T 0.4762 0.125 A 13.45 0.0002452 6.364 
25 BICF2P784071 26 7664505 C 0.5476 0.1739 T 13.44 0.0002467 5.75 
26 BICF2P354264 14 60637439 T 0 0.2708 C 13.3 0.0002661 0 
27 BICF2G630509638 24 11506995 T 0.5 0.1458 C 13.11 0.0002937 5.857 
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Table 5.3. Continued: 
Rank SNP Chr Position (bp) CanFam3.1 A1 F_A F_U A2 CHISQ p-value OR 
      (unless stated otherwise)          
28 BICF2P1066080 8 37193959 C 0.09524 0.4375 A 13.08 0.0002985 0.1353 
29 BICF2P1043265 8 37258896 G 0.09524 0.4375 C 13.08 0.0002985 0.1353 
30 BICF2P108099 17 8787864 G 0.4048 0.08333 A 12.94 0.0003222 7.48 
31 BICF2G630222625 17 7792124 G 0.381 0.06522 A 12.93 0.0003237 8.821 
32 BICF2P1199117 2 896834 T 0.2381 0 G 12.86 0.0003362 NA 
33 BICF2G630806983 26 9230813 A 0.07143 0.3958 C 12.76 0.0003534 0.1174 
34 BICF2G630806969 26 9244378 T 0.07143 0.3958 C 12.75 0.0003534 0.1174 
35 BICF2G630806927 26 9274920 A 0.07143 0.3958 G 12.75 0.0003534 0.1174 
36 BICF2G630806811 26 9369339 T 0.07143 0.3958 C 12.76 0.0003534 0.1174 
37 BICF2G630806803 26 9381354 T 0.07143 0.3958 C 12.76 0.0003534 0.1174 
38 BICF2P264854 13 56621167 A 0.2857 0.02083 T 12.72 0.0003623 18.8 
39 TIGRP2P378557_rs8795056 32 9375097 T 0 0.2609 C 12.69 0.0003683 0 
40 BICF2P117167 21 7884602 A 0.2143 0.5833 G 12.6 0.0003854 0.1948 
41 BICF2G630658037 21 7901756 C 0.2143 0.5833 T 12.6 0.0003854 0.1948 
42 BICF2S22912150 20 17619521 G 0.5714 0.2083 A 12.56 0.0003934 5.067 
43 BICF2G630382857 23 18299381 A 0.5952 0.2292 G 12.51 0.0004053 4.947 
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Table 5.3. Continued: 
Rank SNP Chr Position (bp) CanFam3.1 A1 F_A F_U A2 CHISQ p-value OR 
      (unless stated otherwise)          
44 BICF2G630382851 23 18301721 T 0.5952 0.2292 G 12.51 0.0004053 4.947 
45 BICF2P1190529 28 29176458 C 0.119 0.4583 T 12.28 0.0004581 0.1597 
46 BICF2G630459529 34 25748568 T 0.4524 0.1136 C 12.26 0.0004638 6.443 
47 TIGRP2P330196_rs8996086 25 37057746 A 0.04762 0.3478 G 12.16 0.0004881 0.09375 
48 BICF2P90099 14 42981679 G 0.3571 0.0625 A 12.15 0.0004898 8.333 
49 BICF2S23754865 17 4680896 G 0.3571 0.0625 A 12.15 0.0004898 8.333 
50 BICF2S23754864 17 4681082 G 0.3571 0.0625 C 12.15 0.0004898 8.333 
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Figure 5.3. Ensembl (CanFam2.0) chromosome view of SNP BICF2P1266953 at base pair position 100823429 on chromosome X. 
 
 
 
Figure 5.4. Ensembl (CanFam3.1) chromosome view of SNP BICF2P1136919 at base pair position 6030423 on chromosome 20. 
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Figure 5.5. Ensembl (CanFam3.1) chromosome view of SNP BICF2P303083 at base pair position 6051952 on chromosome 20. 
 
 
 
Figure 5.6. Ensembl (CanFam3.1) chromosome view of SNP BICF2S23433818 at base pair position 11906685 on chromosome 27. 
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5.5. Discussion 
 
A total of 237 Greyhound DNA samples (135 males and 102 females) from 
Greyhounds that had sustained a stress fracture (n = 91 dogs) and from healthy 
uninjured dogs (n = 146 dogs) were obtained, extracted, quantified and stored at  
-40oC, to create the first British racing Greyhound DNA archive. Individual 
Greyhounds were well phenotyped, with detailed pedigree, phenotypic, race 
history and injury data recorded for each dog, therefore providing a valuable 
resource for future scientific research. The present study is the first to investigate 
genetic factors that may predispose racing Greyhounds to developing stress 
fracture injuries, by performing a case-control GWAS to identify potentially 
associated SNPs.   
 
5.5.1. Greyhound DNA Samples 
 
91 of the total DNA samples (55 males and 36 females) were obtained from 
Greyhounds that sustained a stress fracture of the tarsus (n = 83), metatarsus (n = 
6) or metacarpus (n = 2). Of the 83 tarsal fractures, 74.70% (n = 62) involved the 
right pelvic limb, 8.43% (n = 7) involved the left pelvic limb, 2.41% (n = 2) involved 
both right and left pelvic limbs, and 14.46% (n = 12) involved an unknown limb. 
These results are consistent with previous reports of tarsal fractures in racing 
Greyhounds, in which the vast majority (up to 96%) occurred in the right pelvic 
limb (Boudrieau et al., 1984a; Davis, 1967; Devas, 1961; Gannon, 1972; Guilliard, 
2000; Keene and Yarborough, 1966; Prole, 1976). This is likely to be due to the 
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stresses placed on the right tarsal joint during anticlockwise racing at high speeds 
(Anderson et al., 1995). 
 
5.5.2. Sample Collection and DNA Extraction 
 
A quantity of 4 µl of DNA at a minimum concentration of 20 ng/µl per sample was 
required for Illumina® genome-wide SNP genotyping. None of the DNA samples 
extracted from Greyhound muscle or skin tissue contained a sufficient 
concentration of DNA to be suitable for inclusion in the GWA study. The DNA 
obtained, however, would still be suitable for validation of the GWAS results by 
fine-mapping, and for use in other types of genetic studies.  
 
All muscle and skin tissue samples were collected post-mortem from Greyhounds 
euthanased at the track due to injury. Time restrictions during the race meeting 
prevented the immediate collection of muscle samples by the track veterinary 
surgeon. Consequently, the low yield of DNA obtained from the muscle tissue 
samples may have been due to the necessity to freeze the Greyhound immediately 
after euthanasia at the track, with muscle sample collection taking place at a later 
date following thawing of the cadaver. The muscle tissue samples were therefore 
subjected to at least two freeze-thaw cycles prior to DNA extraction, which may 
have resulted in some DNA degradation.  
 
For comparison, fresh muscle tissue samples were collected from two non-
Greyhound breed dogs, euthanased for reasons unrelated to the study. DNA 
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extraction was performed using the Qiagen DNeasy Blood and Tissue kits and 
following the same protocol detailed in Chapter Two. The samples resulted in 
considerably higher concentrations of DNA compared to those obtained for the 
Greyhounds. This suggests that freezing of the Greyhound tissue and subsequent 
freeze-thawing for sample collection and DNA extraction is likely to have resulted 
in some DNA degradation.  
 
Due to the difficulties of obtaining a sufficient quantity of DNA for genome-wide 
SNP genotyping from the muscle samples, an alternative method of DNA collection 
was trialled. The track veterinary surgeon was provided with skin punch biopsy kits 
to enable collection of Greyhound tissue samples quickly and easily during the 
immediate post-mortem period, before freezing of the cadaver (Chapter 2.2.1.3). 
Overall, skin biopsy tissue samples were submitted for only two Greyhounds. Each 
sample had been stored in 500 µl DNAgard Tissue solution (Biomatrica, USA) to 
preserve the tissue and DNA until further processing of the sample. None of the 
skin tissue samples, however, contained a sufficient quantity of DNA for genome-
wide SNP genotyping. Interestingly, a considerably lower DNA yield was obtained 
from the Greyhound skin biopsy samples compared to DNA obtained from a 
similar quantity of fresh canine (non-Greyhound) skin tissue collected and 
extracted immediately post-mortem. This suggests that the DNAgard Tissue 
Solution (Biomatrica, USA) may not be suitable for the preservation of tissue and 
DNA samples for the purposes of inclusion in GWA studies, in which a relatively 
high quantity and quality of DNA per sample is required. 
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All Greyhound saliva samples were collected by the author using Oragene®-Animal 
OA-400 saliva collection kits (Oragene®, DNA Genotek Inc., Ontario, Canada) to 
ensure consistency in the procedure. There was considerable variation in the 
quantity of DNA obtained per sample (1.23 ng/ml to 118 ng/ml). In contrast to the 
muscle and skin tissue samples, however, the majority of saliva samples collected 
contained a sufficient quantity and quality of DNA to be included in the GWA 
study. The Oragene®-Animal saliva collection kits were therefore found to be an 
easy and effective method of obtaining canine DNA samples suitable for use in 
GWA studies. All of the case (affected) and control (unaffected) DNA samples 
selected for Illumina® genotyping in the present study were samples extracted 
from Greyhound saliva collected using the Oragene® Animal kits. 
 
5.5.3. Single Nucleotide Polymorphisms (SNPs) and Chromosomal Regions 
of Interest 
 
The present study represents the first genetic investigation of stress fracture 
injuries in the racing Greyhound. GWA studies use an unbiased, hypothesis-free, 
whole genome approach for identification of genetic variations associated with a 
complex disease such as stress fracture. Consequently, a GWAS methodology was 
selected rather than a candidate gene association study approach, as there were 
no pre-determined specific genes or loci of interest linked to Greyhound stress 
fracture by previous research.  
 
Using a small number of samples (21 cases and 24 controls), the discovery GWAS 
identified a number of SNPs that were nominally associated with stress fracture in 
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the racing Greyhound, and that warrant further investigation. 11 SNPs were found 
to be associated with stress fracture at the p ≤ 0.0001 significance level. An 
additional 96 SNPs were associated at the p ≤ 0.001 significance level. The 
identified SNPs, regions of chromosomes and potentially associated genes are 
summarised in Table 5.4 for all associated SNPs at the p ≤ 0.0001 significance level. 
An additional nine associated SNPs of interest at the p ≤ 0.001 significance level 
are summarised in Table 5.5. Further work would be required to validate the 
results of the GWAS, by sequencing of these identified regions to confirm 
associations.  
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Table 5.4. Racing Greyhound stress fracture GWAS results: Single Nucleotide Polymorphisms (SNPs) associated with stress fracture at the p ≤ 
0.0001 significance level and their location on the chromosome. Where: Rank = overall order of statistical significance [1 (lowest p-value) to 
11 (highest p-value)]; Chr = Chromosome; Location = physical location of the SNP on the chromosome, based on the CanFam3.1 or CanFam2.0 
genome assembly. 
 
Rank SNP Chr Location  
1 BICF2P1266953 X Intergenic region between two uncharacterised protein-coding genes 
2 BICF2P1136919 20 Intragenic region within the uncharacterised protein-coding gene C3orf83 (chromosome 3 open reading 
frame 83) 
3 BICF2S22910736 20 Intergenic region between C3orf83 and TSEN2 (tRNA-splicing endonuclease subunit) 
4 BICF2P303083  
20 
 
 
Intragenic region within the TSEN2 gene, and just upstream of the protein-coding gene PPARG 
(peroxisome proliferator-activated receptor gamma) 
5 BICF2P1456588 
6 BICF2P1384557 
7 BICF2P1242669 
8 BICF2S23433818 27 Intergenic region between GXYLT1 (glucoside xylosytransferase 1) and PDZRN4 (PDZ domain containing 
ring finger 4) 
9 BICF2G630142608 27 Intergenic region between PDZRN4 and CNTN1 (contactin 1) 
10 BICF2P229977 22 
 
Intragenic region within the MYO16 (Myosin XVI) gene 
11 BICF2G63089383 
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Table 5.5. Racing Greyhound stress fracture GWAS results: Single Nucleotide Polymorphisms (SNPs) of interest associated with stress fracture 
at the p ≤ 0.001 significance level and their location on the chromosome. Where: Rank = overall order of statistical significance [12 (lowest p-
value) to 20 (highest p-value)]; Chr = Chromosome; Location = physical location of the SNP on the chromosome, based on the CanFam3.1 or 
CanFam2.0 genome assembly. 
Rank SNP Chr Location  
12 BICF2P252391 X Intergenic region between two uncharacterised protein-coding genes ENSCAFG00000018646 and 
ENSCAF00000018649 
13 BICF2P647060 15 Intragenic region within the RNF175 (ring finger protein 175) gene, and just upstream of the protein-
coding gene SFRP2 (Canis lupus familiaris secreted frizzled-related protein 2) 
14 BICF2S23110295 28 Intergenic region between TCERG1L (transcription elongation regulator 1-like) and PPP2R2D (protein 
phosphatase 2, regulatory subunit B, delta) 
15 TIGRP2P184870_rs9068575 13 Intragenic region within the SLC4A4 [solute carrier family 4 (sodium bicarbonate cotransporter), 
member 4] gene 
16 BICF2S23530035 2 Intragenic region within the FRMD4A (FERM domain containing 4A) gene 
17 BICF2P1024144 5 Intergenic region just downstream of the OR4D5 (Olfactory receptor, family 4, subfamily D, member 5) 
gene 
18 BICF2P381996 17 Intragenic region within the ATP6V1C2 (ATPase, H+ transporting, lysosomal 42kDa, V1 subunit C2) gene 
19 BICF2G630222626 17 
 
Intergenic region, just downstream of the KCNF1 (potassium voltage-gated channel, subfamily F, 
member 1) gene 20 BICF2G630222618 
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At the p ≤ 0.0001 significance level, the most statistically significant SNP (lowest p-
value) was BICF2P1266953 located on the X-chromosome (Figure 5.3), in an 
intergenic region between two uncharacterised protein-coding genes 
(ENSCAFG00000018646 and ENSCAFG00000018649) and upstream of the 
uncharacterised protein-coding gene CXorf64 (chromosome-X open reading frame 
64).  
 
The second most statistically significant SNP was BICF2P1136919, located on 
chromosome 20 (Figure 5.4) within the uncharacterised protein-coding gene 
MKRN2OS, otherwise known as C3orf83 (chromosome 3 open reading frame 83). 
The third most significant SNP was BICF2S22910736, located on chromosome 20 in 
an intergenic region between C3orf83 and TSEN2 (tRNA-splicing endonuclease 
subunit), which catalyses the removal of introns in the first step in RNA splicing. 
The fourth, fifth, sixth and seventh most significant SNPs were BICF2P303083 
(Figure 5.5), BICF2P1456588, BICF2P1384557 and  BICF2P1242669, respectively, 
each located on chromosome 20 within the TSEN2 gene. The second to seventh 
most significant SNPs were all located on chromosome 20 with the same minor 
allele frequency of 0.6667 in case (affected) samples, and are therefore likely to be 
in linkage disequilibrium. Each of these SNPs were located just upstream of the 
protein-coding gene PPARG (peroxisome proliferator-activated receptor gamma); 
a type II nuclear receptor protein that functions as a ligand-activated transcription 
factor regulating the expression of genes. PPARG heterodimerises with the 
retinoid X receptor (RXR) and binds to specific regions on the DNA of target genes, 
and is thought to regulate adipocyte differentiation and glucose homeostasis 
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(Tontonoz and Spiegelman, 2008). An important paralog of the PPARG gene is the 
Vitamin D Receptor (VDR) gene, and RXR is a common heterodimeric binding 
partner of both nuclear receptors. Polymorphisms in the VDR gene have been 
implicated in the pathogenesis of stress fractures in human military recruits 
(Chatzipapas et al. 2009). 
 
PPARG has been identified as a key modulator of skeletal remodelling and bone 
homeostasis. Stimulation of bone marrow mesenchymal stem cells by PPARG 
causes differentiation of the stem cells into adipocytes rather than osteoblasts, 
therefore resulting in fewer osteoblasts and lower BMD (Harslof et al., 2010). In 
addition, PPARG activation stimulates osteoclastogenesis, therefore increasing 
bone resorption (Wan, 2010). Polymorphisms in the PPARG gene have been 
associated with BMD and implicated in the pathogenesis of osteoporosis and non-
traumatic fracture risk in humans (Dragojevic et al., 2011; Harslof et al., 2010; Kiel 
et al., 2007). An interaction between PPARG and dietary fat intake on BMD in mice 
and humans has also been suggested (Ackert-Bicknell et al., 2008). In the present 
study, the close proximity of associated SNPs to the PPARG gene suggests that this 
gene may be implicated in the pathogenesis of stress fractures in racing 
Greyhounds, and justifies further investigation. A validation study involving further 
fine-mapping of the region and subsequent targeted sequencing would be 
required in order to confirm an association. 
 
The eighth, ninth, tenth and eleventh most significant SNPs were BICF2S23433818, 
BICF2G630142608, BICF2P229977 and BICF2G63089383, respectively. 
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BICF2S23433818 is located on chromosome 27 (Figure 5.6) in an intergenic region 
between GXYLT1 (glucoside xylosyltransferase 1) and PDZRN4 (PDZ domain 
containing ring finger 4). BICF2G630142608 is also located on chromosome 27, in 
an intergenic region between PDZRN4 and CNTN1 (contactin 1). BICF2P229977 and 
BICF2G63089383 are both situated on chromosome 22 within the MYO16 (Myosin 
XVI) gene. None of the genes or proteins associated with these SNPs are known to 
have an involvement with bone metabolism.  
 
A number of additional SNPs of interest were identified at the p ≤ 0.001 significance 
level. The twelfth most statistically significant SNP was BICF2P252391, located on 
the X chromosome in an intergenic region between two uncharacterised protein-
coding genes ENSCAFG00000018646 and ENSCAFG00000018649. The thirteenth 
most significant SNP was BICF2P647060, located on chromosome 15 within the 
RNF175 (ring finger protein 175) gene and just upstream of the protein-coding gene 
SFRP2 (Canis lupus familiaris secreted frizzled-related protein 2). SFRPs play a key 
role in regulating cell growth and differentiation in specific cell types. They function 
as soluble modulators of Wnt signalling pathways, which are signal transduction 
pathways involved in embryonic development and formation of important tissues, 
including bone. SFRP2 is expressed in bone marrow osteoblasts and independently 
inhibits both Wnt and bone morphogenic protein (BMP) signalling pathways, 
negatively affecting bone formation (Baron and Kneissel, 2013; Nakajima et al., 
2009). SFRP2-expressing mesenchymal stem cells (MSCs) display an increased rate 
of proliferation, and SFRP2 has been found to decrease MSC apoptosis and inhibit 
osteogenic and chondrogenic lineage commitment (Alfaro et al., 2010).   
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The fourteenth most significant SNP was BICF2S23110295, situated on 
chromosome 28 in an intergenic region between TCERG1L (transcription elongation 
regulator 1-like) and PPP2R2D (protein phosphatase 2, regulatory subunit B, delta). 
Protein serine/threonine phosphatases catalyse the removal of phosphate groups 
from serine and/or threonine residues through hydrolysis of phosphoric acid 
monoesters, and play a key role in many signal transduction pathways. PPP2R2D is 
the B regulatory subunit of protein phosphatase 2A (PP2A), which plays a central 
role in the cell cycle by controlling mitosis entry and exit, with B regulatory subunits 
modulating substrate selectivity and catalytic activity. PPP2R2D has been identified 
as an important negative modulator of the TGF-β (transforming growth factor beta) 
signalling pathway, by restricting receptor activity (Batut et al., 2008). Large 
quantities of TGF-β and target cells for TGF-β can be found in bone and cartilage, 
with autocrine and paracrine stimulation by TGF-β playing a key role in the 
maintenance and development of the progenitors of osteoblasts and bone 
formation (Chen et al., 2012). Interestingly, differential expression of the PPP2R2D 
gene has been reported to be strongly correlated (r2 = 0.85) with femur bone 
strength in rats, as confirmed by quantitative real-time PCR (qPCR) (Alam et al., 
2009). 
 
The eighteenth most significant SNP was BICF2P381996 located on chromosome 17 
within the ATP6V1C2 (ATPase, H+ transporting, lysosomal 42kDa, V1 subunit C2) 
gene, encoding a component of vacuolar ATPase (V-ATPase). V-ATPase is an 
enzyme transporter responsible for acidification of intracellular compartments in 
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eukaryotic cells, and plays a vital role in osteoclastic bone resorption. As a result of 
mutations or deletions in the genes encoding V-ATPase subunits, proton secretion 
from the ruffled border membrane of the osteoclast does not occur and therefore 
resorptive activity in the bone is decreased (Qin et al., 2012). Polymorphisms within 
the ATP6V1C2 gene may be involved in the pathogenesis of stress fractures in 
racing Greyhounds, and warrant further investigation. 
 
5.5.4. Limitations of the Study Design 
 
A limitation of the GWA study is the small sample size of 21 case (affected) and 24 
control (unaffected) Greyhounds. This increases the risk of identifying false 
positive associations, and potentially important SNPs may have been missed. No 
SNPs were found to reach genome-wide significance levels (p ≤ 0.00001) or 
remained significant after Bonferroni correction, and this is likely to be due to the 
small sample size used in the study. Power calculations have indicated that for a 
multigenic trait, a minimum GWAS sample size of 100 affected and 100 unaffected 
dogs would be optimal (Lindblad-Toh et al., 2005). It is therefore likely that the 
present study is underpowered, and it would be beneficial in future canine GWA 
studies to include larger numbers of case and control individuals. 
 
A case-control study design for GWAS is based on the assumption that the 
individuals in the study population are 'unrelated', in that the maximum familial 
relationship between any two individuals is less than that of a second-degree 
relative (Anderson et al., 2010). The familial relationship between any two 
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Greyhounds selected for the GWA study (n = 48), however, was often that of a 
second-degree relative. Including related individuals may introduce bias, as 
particular within-family genotypes are over-represented in the study. 
Consequently, this is a further limitation of the study design.  
 
The use of popular breeding sires and AI are very common in the racing Greyhound 
Industry, with the top breeding sires each producing thousands of offspring. As a 
result, any two individual Greyhounds currently racing in the UK are likely to have 
at least one common ancestor between them within the previous two to three 
generations. Full pedigree data was obtained for each racing Greyhound in the 
present study and familial relationships between the dogs were considered when 
selecting samples to include in the GWAS, in order to ensure that all individuals 
were as unrelated as possible. This study design, however, is not ideal for a case-
control association study. A family-based design may be more appropriate for 
future racing Greyhound GWA studies, as this would control for heterogeneity and 
population stratification. A family-based approach, however, would require first-
degree relatives for analysis. Consequently, obtaining sufficient DNA samples for 
the study may be difficult, particularly for within-family case (affected) dogs.  
 
In the present study, case and control Greyhounds were selected from the same 
population, and this is an important criterion for sample selection in GWA studies. 
In order to obtain sufficient samples for the study, further matching of case and 
control individuals was not possible. Additionally, the inclusion criteria of 50 races 
or less for case Greyhounds and over 70 races for control Greyhounds may have 
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resulted in two different age groups for case and control individuals. An advantage 
of the present study design, however, was that all Greyhounds were extremely 
well phenotyped, with detailed pedigree, phenotypic, race history and injury data 
obtained for both case and control individuals. Previously reported canine GWA 
studies have often made use of control DNA samples obtained from DNA archives, 
with no case-control matching beyond population and usually with very little 
pedigree, phenotypic data or history available for the individual animal (Massey et 
al., 2014; Wood et al., 2009). 
 
5.5.5. Conclusions 
 
In conclusion, the present study is the first investigation of genetic factors in the 
pathogenesis of stress fracture injuries in the racing Greyhound. No SNPs were 
found to reach genome-wide statistical significance at the p ≤ 0.00001 significance 
level, or remained significant after Bonferroni correction, and this is likely to be due 
to the small sample size used in the study. As an initial discovery GWAS, however, 
the study has identified several nominally associated SNPs and regions of interest 
on chromosomes that may be implicated in the pathogenesis of stress fractures in 
the racing Greyhound. 11 SNPs were significantly associated at the p ≤ 0.0001 level 
and a further 96 SNPs were significantly associated at the p ≤ 0.001 level. 
Polymorphisms identified within or in close proximity to the PPARG, SFRP2, 
PPP2R2D and ATP6V1C2 genes are of particular interest, due to the function and 
involvement of these genes in bone metabolism pathways. The next stage would be 
to confirm the associations by fine-mapping in a validation study, using a larger 
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cohort of cases and controls from the same Greyhound population, and subsequent 
targeted sequencing of the identified regions of interest.  
 
The present study has therefore identified several candidate genes for hypothesis-
driven further research into genetic factors associated with stress fracture injuries 
in the racing Greyhound. It is hoped that through further work in this area, 
associations with the disease phenotype will be confirmed and specific genetic risk 
factors identified. Eventually, this could be used to inform the selection of racing 
Greyhounds for breeding, in order to improve Greyhound welfare by producing 
stronger racing animals that are less predisposed to injury.  
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6. Salivary Cortisol and Heart Rate as Measures of Stress in the 
Racing Greyhound 
 
6.1. Introduction 
 
6.1.1. Cortisol as a Measure of Stress 
 
There is no one clear definition of stress. The most commonly used terminology, 
however, define environmental stimuli that result in an imbalance of homeostasis 
as 'stressors', and the subsequent physiological reaction of the individual as a 
'stress response' (Mostl and Palme, 2002). As a physiological reaction, stress in 
animals may be considered as negative arousal, for example due to fear, or as 
positive arousal, for example due to excitement, increased alertness and 
preparation for activity (Broom and Johnson, 1993; Dobson and Smith, 1995; 
Matteri et al., 2000; Mostl and Palme, 2002; Pastore et al., 2011; Raynaert et al., 
1976).  
 
Cortisol is a glucocorticoid hormone secreted by the adrenal gland due to activation 
of the HPA axis in response to external and internal stimuli (Matteri et al., 2000; 
Mostl and Palme, 2002). It is a frequently used measure of physiological stress in 
most mammals, including humans (Stawski et al., 2013), dogs (Beerda et al., 1996, 
1998; Hekman et al., 2012; Kobelt et al., 2003; Pastore et al., 2011), horses (Fazio et 
al., 2008a,b, 2013; Schmidt et al., 2010a,b,c,d), sheep (Hargreaves and Hutson, 
1990), cattle and pigs (Von Borell et al., 2007). Cortisol is commonly used as a 
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marker for assessment of canine welfare (Menor-Campos et al., 2011), reaction to 
stress challenges (Bergeron et al., 2002) and human-animal interaction studies 
(Bergamasco et al., 2010; Jones and Josephs, 2006), and has been shown to be a 
useful measure of acute and chronic physiological and psychological stress in dogs.  
 
Glucocorticoid hormones such as cortisol are known to affect bone physiology, both 
directly and indirectly, resulting in reduced activity and apoptosis of osteoblasts and 
increased activity of osteoclasts (Hardy and Cooper, 2010). High circulating levels of 
glucocorticoids are associated with an increased risk of osteoporosis and bone 
fracture in humans (Hardy and Cooper, 2010).  
 
Previous studies have investigated the effect of exercise on cortisol levels in agility 
and sled dogs (Angle et al., 2009; Pastore et al., 2011; Rovira et al., 2007; Wakshlag 
et al., 2004), and in equine (Kedzierski et al., 2013, 2014) and human (Dittrich et al., 
2013) athletes. The effects of exercise and racing on cortisol concentrations in 
Greyhounds, however, have not previously been reported. 
 
It is hypothesised that racing is a stressful stimulus for Greyhounds that results in 
activation of the HPA axis and increased secretion of cortisol, as well as increased 
activity of the autonomic nervous system resulting in elevation of HR. 
Furthermore, it is hypothesised that the stress response of the Greyhound, as 
measured by salivary cortisol concentration and HR, is associated with Greyhound 
gender, age, journey distance to the race track and performance in the race. 
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6.1.2. Measurement of Canine Cortisol 
 
Canine cortisol levels can be measured in a wide range of biological samples 
including blood (Angle et al., 2009; Bergeron et al., 2002; Hennessy et al., 1998; 
Vincent and Michell, 1992); saliva (Beerda et al., 1998; Bergeron et al., 2002; 
Dreschel and Granger, 2009; Hekman et al., 2012; Kobelt et al., 2003; Vincent and 
Michell, 1992); hair (Accorsi et al., 2008; Bryan et al., 2013; Ouschan et al., 2013); 
urine (Beerda et al., 1996) and faeces (Accorsi et al., 2008). Plasma cortisol levels 
most accurately reflect the activity of the HPA system. Blood sampling, however, is 
considered an invasive procedure, and a home office licence is required for 
collection of blood samples from live dogs for research purposes in the UK. Owners 
and trainers of Greyhounds may be reluctant to consent to invasive collection of a 
blood sample from their dogs, particularly before or after racing. Additionally, 
venipuncture and the handling and restraint required for the procedure may be 
stressful for the animal, and have been found to increase canine blood cortisol 
levels 20 minutes later (Hennessy et al., 1998).  
 
Saliva collection is considered a non-invasive procedure and does not require a 
licence. Canine salivary cortisol concentrations are highly correlated with plasma 
cortisol (Beerda et al., 1996; Vincent and Michell, 1992), and can therefore be used 
as a measure of HPA activity. Vincent and Michell (1992) suggested that there was 
evidence of a delay in some dogs between changes in plasma and salivary cortisol 
concentrations. Beerda et al. (1996), however, found no delay between changes in 
salivary cortisol levels relative to plasma.  
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Salivary cortisol represents unbound, free cortisol whereas plasma cortisol is 
mainly bound to carrier proteins (Mostl and Palme, 2002). Salivary cortisol 
concentrations are therefore lower relative to plasma, with reported salivary 
cortisol concentrations between 4% and 11.9% of comparable plasma values 
(Beerda et al., 1996; Vincent and Michell, 1992). Of the total cortisol fraction in 
plasma, only the small, highly lipid-soluble molecules of the unbound fraction 
transfer through cell membranes into saliva (Beerda et al., 1996). 
 
Although handling of the animal is still required to obtain a saliva sample, Kobelt et 
al. (2003) reported that a saliva sample could be collected from a dog for up to 
four minutes without the process of handling affecting cortisol measurements.  
 
6.1.3. Transport of Greyhounds to the Race Track 
 
Racing Greyhounds are exposed to several different stressors during race 
meetings, such as transport of the Greyhound to the race track, pre-race 
veterinary inspections, kennelling, noise from spectators and the actual race itself. 
 
British Greyhounds will typically compete in one race per week, with additional 
training and trial sessions. There are 26 GBGB-licensed Greyhound stadiums and a 
further nine Independent race tracks in the UK to date, with Greyhound trainers 
and racing kennels situated across the UK. Consequently, there is considerable 
variation in the distance routinely travelled to the race track for attendance at race 
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and trial meetings. Open Race Greyhounds will often travel long distances to 
Greyhound tracks across the UK in order to compete. The GBGB provide guidelines 
for the transport of racing Greyhounds within the UK (Greyhound Board of Great 
Britain, 2014). Specifically, the guidelines state that the journey time from the 
kennels to race track should be less than eight hours; a maximum of two 
Greyhounds should be transported loose in the back of a motor vehicle; if more 
than two Greyhounds are to be transported, then each should be held in a 
separate travel cage with minimum dimensions of 35.56 cm wide, 101.6 cm length 
and 76.2 cm height (larger cage sizes are required for journeys greater than eight 
hours); and Greyhounds should not be loaded for transport for at least 15 to 30 
minutes after racing or trialling to allow them to cool. These guidelines do not 
apply to the Independent sector of the Greyhound industry. The transport of all 
live vertebrate animals within the European Union that takes place in connection 
with an economic activity such as Greyhound racing, however, must comply with 
the Council Regulation (EC) No 1/2005 on the protection of animals during 
transport and related operations.  
 
Travelling in a motor vehicle is recognised as a stressful event for horses (Fazio et 
al., 2008a,b, 2013; Kay and Hall, 2009; Medica et al., 2010; Schmidt et al., 
2010a,b,d) and dogs (Bergeron et al., 2002), based on increases in cortisol 
concentrations following road transport. Additionally, it has been suggested that 
cortisol levels are positively correlated with transport time (Fazio and Ferlazzo, 
2003). Racing Greyhounds are frequently transported by road for race, trial and 
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sale events, however the effect of transport on Greyhound cortisol levels has not 
previously been reported. 
 
Changes in HR are frequently used as an additional marker of psychophysiological 
stress in livestock animals and horses (Bergamasco et al., 2010). Transport of 
horses by road has been reported to cause changes in HR and heart rate variability 
that are indicative of stress (Schmidt et al., 2010a,b,d). The effects of road 
transport and racing on the HR of racing Greyhounds, however, have not 
previously been reported.  
 
6.2. Aims 
 
The study aimed to investigate measures of the stress response to short-duration 
high-intensity sprint exercise activity in British Greyhounds, by measurement of 
salivary cortisol concentration and HR immediately pre- and post-racing at an 
Independent (non-GBGB licensed) stadium. In addition, the study aimed to 
consider the effects of journey distance to the stadium, Greyhound sex, racing age, 
distance of the race and rank finish position on pre- and post-race cortisol 
concentration and HR.   
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6.3. Materials and Methods  
 
6.3.1. Sample and Data Collection 
 
Greyhounds were recruited to take part in the study as detailed in Chapter 2.3.1. A 
total of 59 non-GBGB licensed Greyhounds (32 males and 27 females) were 
included in the study, with ages ranging from 16 to 84 months (mean age of 37.25 
months). The rules and regulations of the GBGB restrict the collection of samples 
from Greyhounds present at licensed race track premises. Consequently, sampling 
took place at one Independent (non-GBGB-licensed) Greyhound stadium in the 
North-West of the UK. Samples were collected over two consecutive race meetings 
held one week apart, in December 2013. Six of the Greyhounds (four males and 
two females) were sampled on two separate occasions, at both the first and 
second race meetings.   
 
Pre-race and post-race saliva samples were collected from Greyhounds using SCS 
(Salimetrics® Europe Limited, Suffolk, UK), as detailed in Chapter 2.3.2.1. A total of 
65 pre-race and 63 post-race saliva samples were collected over the two 
consecutive race meetings, providing 128 saliva samples for analysis. 80 of the 
saliva samples were collected during the first race meeting, and 52 were collected 
during the second race meeting.  
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Phenotypic data, and pre-race and post-race HR measurements (Appendix 10), 
were collected from Greyhounds as detailed in Chapter 2.3.2. A total of 65 pre-
race and 58 post-race HR measurements were collected over the two consecutive 
race meetings, providing 123 HR measurements for analysis. 73 of the HR 
measurements were collected during the first race meeting, and 50 were collected 
during the second race meeting. 
 
The differences between numbers of pre-race and post-race HR measurements 
and saliva samples were due to several Greyhound owners or trainers declining 
post-race heart rate measurement and/or saliva sampling of the dog. 
 
6.3.2. Cortisol Enzyme Immunoassay (EIA) 
 
The saliva samples were processed as detailed in Chapter 2.3.3. A total of 16 
samples (all pre-race) contained an insufficient quantity of saliva for cortisol 
measurement, and were therefore excluded from further analysis. Cortisol 
concentration was measured in the remaining 106 saliva samples using an EIA as 
detailed in Chapter 2.3.3, at the Department of Biological Sciences at the 
University of Chester (Chester, UK) (R. Coleman). The cortisol concentration in one 
of the post-race saliva samples was too low to measure. Consequently, cortisol 
was successfully measured in a total of 111 saliva samples (49 pre-race and 62 
post-race samples) (Appendix 10).  
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6.3.3. Statistical Analysis 
 
Statistical analysis and production of graphical representations of the data were 
performed using the software packages SAS, version 9.3 (SAS Institute Inc., 2002-
2010) and Microsoft Office Excel (Microsoft Corporation, 2007b). 
 
Paired t-tests were performed in Microsoft Office Excel (Microsoft Corporation, 
2007b) in order to investigate differences between each Greyhound's paired 
salivary cortisol concentration pre- and post-racing, and between each 
Greyhound's paired HR pre- and post-racing. Using ANOVA analyses, the data was 
examined for associations between pre- or post-race salivary cortisol 
concentration or HR and each of the following factors: Greyhound sex (male or 
female); distance of the race (265 m, 420 m or 470 m); and adjusted rank finish 
position (1 to 6). Scatter plots were produced in order to investigate the 
association between salivary cortisol concentration and HR, both pre- and post-
race. Similarly, the data was examined for associations between pre- or post-race 
salivary cortisol concentration or HR and each of the following factors: journey 
distance of the Greyhound to the race track (1.61 km to 137.28 km), and age of the 
Greyhound (16 months to 84 months).  
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6.4. Results 
 
6.4.1. Pre- and Post-Race Salivary Cortisol Concentration 
 
Overall, pre-race salivary cortisol concentration (n = 49) ranged from 0.36 
nanograms per millilitre (ng/ml) to 50.89 ng/ml, with a mean of 12.17 ng/ml and 
SD of 10.95 (SE 1.56). Post-race salivary cortisol concentration (n = 62) ranged 
from 2.10 ng/ml to 92.74 ng/ml, with a mean of 21.71 ng/ml and SD of 15.63 (SE 
2.00). The distributions of both pre- and post-race salivary cortisol concentration 
are displayed in Figure 6.1. For the paired samples, where each Greyhound had 
both a pre-race and post-race salivary cortisol measurement (n = 47), the pre-race 
salivary cortisol ranged from 0.36 ng/ml to 50.89 ng/ml and post-race ranged from 
2.10 ng/ml to 92.74 ng/ml. The mean pre-race cortisol concentration was 12.16 
ng/ml with a SD of 11.18 (SE 1.63), and the mean post-race was 23.08 ng/ml with a 
SD of 16.48 (SE 2.40). 
 
The pre-race and post-race salivary cortisol data were logged in order to normalise 
the distributions for further analysis. The distributions of pre-race (n = 49), post-
race (n = 62), and both pre- and post-race salivary log cortisol concentration are 
displayed in Figure 6.2, Figure 6.3 and Figure 6.4, respectively. The paired pre-race 
and post-race log cortisol measurements for each individual (n = 47) are displayed 
in Figure 6.5. The differences between each individual's pre-race and post-race 
values are displayed in Figure 6.6. There was a significant difference (p = 0.000004; 
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test statistic = 5.26) between each Greyhound's paired pre-race and post-race 
salivary log cortisol concentration. Post-race values were significantly higher than 
pre-race values, with a mean difference of 0.78 ng/ml and SD 1.02 (SE 0.15).  
 
 
 
 324 
 
 
 
 
Figure 6.1. The distribution of pre-race (A) (n = 49) and post-race (B) (n = 62) Greyhound salivary cortisol concentration (ng/ml). 
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Figure 6.4. The distribution of pre-race (A) (n = 49) and post-race (B) (n = 62) Greyhound salivary log cortisol concentration (ng/ml). 
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6.4.2. Pre- and Post-Race Heart Rates 
 
Overall, pre-race HR (n = 65) ranged from 84 beats per minute (bpm) to 240 bpm, 
with a mean of 155.14 bpm and SD of 32.90 (SE 4.05). Post-race HR (n = 58) ranged 
from 96 bpm to 240 bpm, with a mean of 175.03 bpm and SD of 36.43 (SE 4.78). 
The distributions of pre-race HR, post-race HR, and both pre- and post-race HR are 
displayed in Figure 6.7, Figure 6.8 and Figure 6.9, respectively.  
 
For the paired samples, where each Greyhound had both a pre-race and post-race 
HR measurement (n = 58), the pre-race HR ranged from 84 bpm to 240 bpm and 
post-race ranged from 96 bpm to 240 bpm. The mean HR pre-race was 155.31 
bpm with a SD of 34.04 (SE 4.46), and the mean post-race was 175.03 bpm with a 
SD of 36.43 (SE 4.78). The paired pre-race and post-race HR measurements for 
each individual (n = 58) are displayed in Figure 6.10. The differences between each 
individual's pre-race and post-race values are displayed in Figure 6.11. There was a 
significant difference (p = 0.002; test statistic = 3.24) between each Greyhound's 
paired pre-race and post-race HR. Post-race values were significantly higher than 
pre-race values, with a mean difference of 19.72 bpm and SD of 46.29 (SE 6.08). 
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Figure 6.9. The distribution of pre-race (A) (n = 65) and post-race (B) (n = 58) Greyhound heart rate (beats per minute). 
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6.4.3. Correlation Between Salivary Log Cortisol Concentration and Heart 
Rate 
 
No correlations were found between Greyhound HR and salivary log cortisol 
concentration in pre-race (R2 = 0.0098) or post-race (R2 = 0.0104) measurements, 
as displayed in Figure 6.12 and Figure 6.13, respectively. 
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Figure 6.12. Scatter plot of Greyhound pre-race salivary log cortisol concentration (ng/ml) and heart rate (beats per minute) (R2 = 0.0098). 
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Figure 6.13. Scatter plot of Greyhound post-race salivary log cortisol concentration (ng/ml) and heart rate (beats per minute) (R2 = 0.0104). 
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6.4.4. Influence of Environmental Factors on Pre- and Post-Race Cortisol 
Concentration and Heart Rate 
 
The sex of the dog (male or female) (Figure 6.14 to Figure 6.17), race distance (265 
m, 420 m or 470 m) (Figure 6.18 and Figure 6.19) and rank finish position (1 to 6) in 
the race (Figure 6.20 and Figure 6.21) were each found to have no significant 
association (p > 0.05) with pre-race or post-race salivary log cortisol concentration 
(ng/ml) or HR (bpm) (Table 6.1). 
 
 Measure of Stress 
 Salivary Log Cortisol 
Concentration (ng/ml) 
Heart Rate 
(bpm) 
Association Pre-Race Post-Race Pre-Race Post-Race 
Sex p = 0.9995 
F = 0.00000048 
df (1, 47) 
p = 0.1916 
F = 1.7453 
df (1, 59) 
p = 0.7692 
F = 0.0871 
df (1, 47) 
p = 0.5085 
F = 0.4427 
df (1, 56) 
Race Distance  p = 0.8517 
F = 0.1610 
df (2, 46) 
p = 0.1802 
F = 1.7654 
df (2, 58) 
p = 0.3859 
F = 0.9722 
df (2, 46) 
p = 0.8018 
F = 0.2217 
df (2, 56) 
Rank p = 0.2577 
F = 1.3169 
df (10, 37) 
p = 0.2531 
F = 1.3062 
df (10, 50) 
p = 0.6672 
F = 0.7576 
df (10, 38) 
p = 0.9782 
F = 0.2976 
df (10, 45) 
 
Table 6.1. ANOVA results [p-values, F-statistics and degrees of freedom (between 
groups, within groups)] of associations between Greyhound sex (male=1, 
female=2), race distance (265 m, 420 m or 470 m) or adjusted rank finish position 
(rank) (1 to 6) and pre-race or post-race salivary log cortisol concentration (ng/ml) 
or heart rate (beats per minute, bpm) in British racing Greyhounds. Each 
association was found to be not significant (p > 0.05).  
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The distance travelled to the stadium by motor vehicle on the date of sample 
collection ranged from 1.61 km to 137.28 km, with a mean of 50.26 km and SD of 
34.67 (SE 4.27). All Greyhounds were transported to the stadium in vans, with no 
further details available regarding the vehicle type or cage sizes within the vehicle. 
There were no associations between journey distance to the stadium and pre-race 
(R2 = 0.0368) (Figure 6.22) or post-race (R2 = 0.0075) (Figure 6.23) salivary log 
cortisol concentration. Additionally, there were no associations between journey 
distance to the stadium and pre-race (R2 = 0.00005) (Figure 6.24) or post-race (R2 = 
0.001) (Figure 6.25) HR.  
 
The  racing age of the Greyhound ranged from 16 months to 84 months, with a 
mean of 36.98 months and SD of 12.48 (SE 1.58). No associations were identified 
between Greyhound racing age and pre-race (R2 = 0.0071) (Figure 6.26) or post-
race (R2 = 0.005) (Figure 6.27) salivary log cortisol concentration, or between 
Greyhound racing age and pre-race (R2 = 0.005) (Figure 6.28) or post-race (R2 = 
0.006) (Figure 6.29) HR. 
 
 
 
  
 Figure 6.14. Pre-race 
(ng/ml) with respect to sex (male or female)
standard error of the mean.
 
Figure 6.15. Post-race 
(ng/ml) with respect to sex (male or female)
standard error of the mean.
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 Figure 6.18. Post-race
(ng/ml) with respect to race distance (metres)
standard error of the mean.
Figure 6.19. Post-race 
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Figure 6.22. Pre-race Greyhound salivary log cortisol concentration (ng/ml) with respect to distance (kilometres) travelled by motor 
vehicle to the stadium (n = 49) (R2 = 0.0368). 
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Figure 6.23. Post-race Greyhound salivary log cortisol concentration (ng/ml) with respect to distance (kilometres) travelled by motor 
vehicle to the stadium (n = 62) (R2 = 0.0075). 
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Figure 6.24. Pre-race Greyhound heart rate (bpm) with respect to distance (kilometres) travelled by motor vehicle to the stadium (n = 65) 
(R2 = 0.00005). 
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Figure 6.25. Post-race Greyhound heart rate (bpm) with respect to distance (kilometres) travelled by motor vehicle to the stadium 
(n = 58) (R2 = 0.001). 
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Figure 6.26. The mean pre-race salivary log cortisol concentration (ng/ml) with respect to racing age (months) of the Greyhound (n = 49) 
(R2 = 0.0071). 
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Figure 6.27. The mean post-race salivary log cortisol concentration (ng/ml) with respect to racing age (months) of the Greyhound (n = 62) 
(R2 = 0.005). 
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Figure 6.28. The mean pre-race heart rate (beats per minute) with respect to racing age (months) of the Greyhound (n = 65) (R2 = 0.005). 
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Figure 6.29. The mean post-race heart rate (beats per minute) with respect to racing age (months) of the Greyhound (n = 58) (R2 = 0.006).
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6.5. Discussion 
 
The present study is the first to investigate measures of the stress response to 
short duration high-intensity exercise activity in British Greyhounds. Two measures 
of stress, salivary cortisol concentration and HR, were measured immediately pre- 
and post-racing for a total of 59 individuals. Additionally, the study considered 
factors of journey distance to the stadium, Greyhound sex, racing age, distance of 
the race and rank finish position on cortisol concentration and HR.   
 
6.5.1. Effect of Short Duration, High-Intensity Exercise on Salivary Cortisol 
Concentration and Heart Rate in the Racing Greyhound 
 
The pre-race and post-race salivary cortisol concentration ranged from 0.36 ng/ml 
to 50.89 ng/ml and from 2.10 ng/ml to 92.74 ng/ml, respectively. The mean pre-
race and post-race salivary cortisol concentrations were 12.17 ng/ml (SD 10.95) 
and 21.71 ng/ml (SD 15.63), respectively. Basal salivary cortisol concentration was 
not measured in the present study, but has been reported to range between 0.8 
ng/ml and 5.3 ng/ml in dogs (Glenk et al., 2013; Stracke et al., 2011; Vincent and 
Michell, 1992). The mean Greyhound cortisol concentration pre-race was 
therefore considerably higher than canine baseline values, indicating increased 
arousal and activation of the HPA axis during the immediate pre-race period.  
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The pre-race and post-race HR ranged from 84 bpm to 240 bpm and from 96 bpm 
to 240 bpm, respectively. The mean pre-race and post-race HR were 155.14 bpm 
(SD 32.90) and 175.03 bpm (SD 36.43), respectively. The conditioned racing 
Greyhound has a relatively low resting HR of 29 bpm to 48 bpm, increasing to 290 
bpm to 420 bpm during maximal exercise (Reece et al., 2015). In the present 
study, the mean pre-race HR was therefore considerably higher than resting 
values, indicating increased activity of the autonomic nervous system during the 
immediate pre-race period.  
 
There were significant differences pre-race and post-race between each 
Greyhound's paired salivary log cortisol concentrations (p = 0.000004) and 
between each Greyhound's paired HR (p = 0.002). The post-race values were 
significantly higher than pre-race values for both salivary log cortisol concentration 
and HR, with mean differences of 0.78 ng/ml (SD 1.02) and 19.72 bpm (SD 46.29), 
respectively.  
 
HR can vary according to physiological requirements. During exercise, the 
increased requirement for oxygen delivery to body tissues and excretion of carbon 
dioxide results in an elevation in HR, according to the intensity and duration of the 
activity. In the Greyhound, HR increases rapidly at the onset of exercise and 
reaches maximum levels within 30 s to 45 s (Reece et al., 2015). In addition, 
exercise may cause an increase in cortisol levels, resulting in release of glucose and 
stores of fatty acids in an adaptive response. During exercise in humans, cortisol is 
released to assist in energy production once oxygen consumption above 50% 
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maximal oxygen consumption (VO2 max) has been attained (Buono et al., 1986; 
Luger et al., 1987). During a sprint race, Greyhounds are working at 100% VO2 max, 
however the short duration of exercise is primarily sustained through anaerobic 
metabolism of glucose and glycogen stores. Consequently, the racing Greyhound 
does not experience sufficient negative energy balance to facilitate cortisol release 
for fatty acid utilisation and protein catabolism (Wakshlag et al., 2004).  
 
The results obtained in the present study are in concordance with those reported 
in several previous studies investigating pre- and post-exercise cortisol 
concentrations in dogs. Pastore et al. (2011) measured salivary cortisol in several 
dog breeds immediately before and after a canine agility competition, and 
reported a significant (p < 0.05) increase in post-exercise cortisol concentration for 
all dogs. In addition, Durocher et al. (2007) reported a significant increase in 
urinary cortisol concentration following prolonged endurance exercise in Alaskan 
sled dogs, compared with values for unexercised control dogs. Rovira et al. (2007), 
however, found no significant difference between serum cortisol concentrations in 
dogs of various breeds immediately after an agility test, compared to basal values. 
In addition, Hinchcliff et al. (1993) reported that plasma cortisol concentration did 
not change significantly in sled dogs participating in a long-distance endurance 
race.  
 
It has been suggested that the discrepancies in reported results may be partly due 
to adaptation of the HPA axis in response to repeated acute or chronic exposure to 
a particular stressor (Mastorakos et al., 2005). Sustained physical activity in highly 
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trained human (Wittert et al., 1996) and animal (Veissier and Boissy, 2007) 
athletes has been associated with a decreased HPA response to subsequent or 
continued exercise stress. Racing Greyhounds, however, are highly trained athletes 
subjected to a regular training and racing regime involving frequent high-intensity 
exercise activity. In the present study, the statistically significant (p = 0.000004) 
increase in post-race salivary cortisol concentration compared to pre-race values 
suggest that adaptation of the HPA axis may not have occurred in these dogs. In 
order to investigate the HPA response to repeated exercise stress in Greyhounds, 
both pre- and post-race cortisol levels of Greyhounds at various stages of their 
racing career, and at various training and racing intensities, could be examined in 
future work. 
 
A limitation of the present study is that resting salivary cortisol concentrations and 
HR (on non-race days) were not measured. Consequently, the pre- and post-race 
cortisol levels and HR cannot be compared to basal values. Human athletes may 
experience pre-performance stress as a result of anticipation of the event 
(Heilbrun, 2004), and a similar emotional response has been reported in agility 
dogs prior to competition (Pastore et al., 2004). A study of sled dogs by Angle et al. 
(2009) reported a significant increase in pre-exercise serum cortisol concentration 
compared to resting levels, due to anticipation of the event. There was a further 
increase in cortisol level following short duration high-intensity sprint exercise. 
Additionally, the anticipatory response to exercise is demonstrated by an 
increased resting HR in racing Greyhounds (Reece et al., 2015). It is therefore likely 
that pre-race cortisol levels and HR were elevated in the present study compared 
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to basal resting values, with several contributing factors such as transport to the 
stadium, anticipation of the race event, spectator presence and pre-race 
veterinary examination. Further work is required to establish basal cortisol levels 
and HR for racing Greyhounds, by collecting samples and measurements from dogs 
at their residential kennels on non-race days. Further sampling and measurements 
before, during and after their journey to the race track may help to determine the 
true extent of fluctuations in cortisol concentration and HR attributed to transport, 
anticipation of the race event and subsequent high-intensity sprint exercise.  
 
In the present study, all the Greyhounds taking part in a particular race were 
sampled simultaneously both pre- and post-race. The post-race samples were 
collected immediately after the Greyhound was walked off the racetrack and had 
returned to the paddock area, within five minutes of the end of the race. 
Consequently, there was a short delay in the collection of saliva samples and HR 
measurements post-race. HR starts to decrease rapidly within one or two minutes 
after the end of exercise (Reece et al., 2015), as the Greyhound enters the post-
exercise recovery phase. In a study of racing Greyhounds by Gillette et al. (2011), 
HR had returned to resting levels approximately 30 minutes after running. 
Consequently, the post-race HR measurements collected in the present study may 
not be a true indication of the immediate post-race values, and this is a limitation 
of the study design.  
 
Several authors have reported a delay, however, in the increase in canine plasma 
or salivary cortisol in response to a stressor (Engeland and Gann, 1989; Vincent 
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and Michell, 1992). In a study of dogs by Engeland and Gann, (1989), the increase 
in plasma cortisol did not begin until after the stressor (three minutes of noise) 
had ended, and peaked approximately 11 minutes after the noise began. Due to 
the short duration of Greyhound races (usually less than two minutes) and the lag 
in increase in salivary cortisol, saliva samples collected immediately at the finish 
line may, in fact, be measuring stress experienced by the Greyhound during the 
pre-race period. Consequently, the short delay (maximum five minutes) in 
collection of post-race saliva samples in the present study may have resulted in 
salivary cortisol concentrations that more accurately measure the stress 
experienced by the Greyhound during the actual race. In dogs, a return to basal 
salivary cortisol levels has been reported to take approximately 30 minutes after 
removal of the stressor (Vincent and Michell, 1992).  
 
In the present study, saliva samples and HR measurements were collected 
simultaneously for each Greyhound, both pre- and post-race. No correlations were 
found, however, between Greyhound salivary log cortisol concentration and HR in 
pre-race (R2 = 0.0098) (Figure 6.12) or post-race (R2 = 0.0104) (Figure 6.13) 
measurements. This result may be explained by the delay in the increase in plasma 
or salivary cortisol in response to a stressor (Engeland and Gann, 1989; Vincent 
and Michell, 1992), in comparison to the rapid variations in HR that may occur in 
response to changing internal or external stimuli. In addition, an animal's resting 
HR, their HR during maximal exercise, and how quickly their HR returns to resting 
levels post-exercise are all affected by the animal's physical fitness (Reece et al., 
2015). In future studies, it would be useful to investigate HR variability (short-term 
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fluctuations in HR) as a measure of the response of the autonomic nervous system 
to stress, using a continuous HR monitoring system (Becker-Birck et al., 2013; 
Lewinski et al., 2013; Schmidt et al., 2010a,b,c). 
 
6.5.2. Influence of Sex and Racing Age on Salivary Cortisol Concentration 
and Heart Rate in the Racing Greyhound 
 
The sex of the Greyhound was found to have no significant association (p > 0.05) 
with pre- or post-race salivary log cortisol concentration, and no significant 
association (p > 0.05) with pre- or post-race HR. No associations were identified 
between Greyhound racing age and pre-race (R2 = 0.0071) (Figure 6.26) or post-
race (R2 = 0.005) (Figure 6.27) salivary log cortisol concentration, or between 
Greyhound racing age and pre-race (R2 = 0.005) (Figure 6.28) or post-race (R2 = 
0.006) (Figure 6.29) HR. These results are in agreement with the study of pre- and 
post-competition salivary cortisol levels in agility dogs by Pastore et al. (2011), in 
which age, body size and sex of the dog had no significant association with cortisol 
concentration. Reimers et al. (1990), however, reported that basal plasma cortisol 
levels are influenced by the age of the dog.  
 
6.5.3. Influence of Race Distance on Salivary Cortisol Concentration and 
Heart Rate in the Racing Greyhound 
 
The race distance (265 m to 470 m) was found to have no significant association (p 
> 0.05) with post-race salivary log cortisol level or HR in racing Greyhounds. In 
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contrast, Durocher et al. (2007) reported a significant (p < 0.05) increase in urinary 
cortisol concentrations with increasing race distance in sled dogs performing 
strenuous exercise. Racing Greyhounds typically take part in short-duration high-
intensity sprint activity competing over race distances of 220 m to 1,080 m with 
maximum speeds of 18 m/s (Dobson et al., 1988). Sled dogs, however, typically 
compete in prolonged endurance exercise. The differences in reported results may 
therefore reflect differences in exercise intensity and duration, as well as 
physiological variations between racing Greyhounds and sled dogs. 
 
6.5.4. Influence of Rank Finish Position as a Measure of Race Performance 
on Salivary Cortisol Concentration and Heart Rate in Racing 
Greyhounds  
 
The study was performed at an Independent (non-GBGB licensed) race track. As a 
result, measures of Greyhound race performance were limited to rank finish 
position in the race, and actual race times or speeds were unavailable. The rank 
finish position (one to six) had no significant association (p > 0.05) with pre- or 
post-race log cortisol level or HR, suggesting that the physiological and/or 
psychological stress experienced by the Greyhound before and during racing may 
be unrelated to their race performance. The rank finish position, however, reflects 
the performance of the Greyhound relative to that of the other dogs competing in 
the race. To further investigate and quantify the association of Greyhound race 
performance with cortisol levels and HR, it would be useful to consider the 
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performance measurements of race time over a specific race distance or mean 
racing speed. 
 
6.5.5. Influence of Travel Distance on Salivary Cortisol Concentration and 
Heart Rate in the Racing Greyhound 
 
On the dates of sample collection, Greyhounds had travelled between 1.61 km to 
137.28 km by road in order to attend the race meeting. Based on owner and 
trainer responses, the reported duration of this journey ranged from five minutes 
to three hours. Consequently, there was considerable variation in the length of 
time the Greyhound had been travelling in a motor vehicle prior to the pre-race 
saliva sample collection and HR measurement. No associations were identified 
between journey distance to the stadium and pre-race (R2 = 0.0368) (Figure 6.22) 
or post-race (R2 = 0.0075) (Figure 6.23) salivary log cortisol concentration. 
Additionally, there were no associations between journey distance to the stadium 
and pre-race (Figure 6.24) or post-race (Figure 6.25) HR. 
 
Travelling in a motor vehicle is a potentially stressful event for most animals. 
Stressful stimuli initiate adrenomedullary and sympathetic nervous system 
responses, resulting in release of epinephrine and an increase in HR. Studies have 
demonstrated that transport is stressful for horses, based on increased cortisol 
secretion, increased HR and changes in HR variability (Fazio et al., 2008, 2013; 
Medica et al., 2010; Schmidt et al., 2010a,b,d). Bergeron et al. (2002) reported an 
increase in plasma cortisol levels of Beagles following road transport, compared to 
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basal values. Additionally, loading and unloading procedures resulted in the 
greatest increase in HR during air transport of the dogs (Bergeron et al. 2002).  
 
In the present study, basal salivary cortisol concentration and HR were not 
measured. Following transport of the Greyhound to the stadium, the mean pre-
race salivary cortisol concentration and HR were 12.17 ng/ml (SD 10.95) and 
155.14 bpm (SD 32.90), respectively. These values are considerably higher than the 
reported basal salivary cortisol level in dogs (0.8 ng/ml to 5.3 ng/ml) (Glenk et al., 
2013; Stracke et al., 2011; Vincent and Michell, 1992) and the resting HR of a 
conditioned racing Greyhound (29 bpm to 48 bpm) (Reece et al., 2015). This 
suggests that transport to the stadium may have contributed to increased stress 
experienced by the Greyhound during the pre-race period, however the level of 
stress is not associated with journey distance. These results are in agreement with 
a study of cortisol levels in stallions before and after road transport over different 
distances (100 km, 200 km and 300 km), in which persistent increases in serum 
cortisol showed no differences between the various distances and durations of 
travel (Fazio et al., 2008). Schmidt et al. (2010a) reported that cortisol release is 
stimulated early on during transport of horses, and stimulation of cortisol release 
occurs almost as effectively for short-duration transport as for transport over 
longer distances. 
 
Given the high frequency of travel for most racing Greyhounds, these results 
warrant further investigation of measures of transport-related stress. In future 
work, salivary cortisol and HR measurements collected before, during and 
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immediately after transport to the stadium would be useful in order to measure 
the changes in stress during the journey. 
 
6.5.6. Conclusions 
 
In conclusion, the present study is the first to investigate the effects of exercise 
and various environmental factors on endocrine and HR indicators of stress in the 
racing Greyhound. The study has identified that high-intensity sprint exercise in 
Greyhounds results in an increased HPA response and subsequent increase in the 
release of salivary cortisol, which is detectable immediately post-racing. There 
were significant differences pre-race and post-race between each Greyhound's 
paired salivary log cortisol concentration (p = 0.000004) and paired HR (p = 0.002), 
with mean differences of 0.78 ng/ml (SD 1.02) and 19.72 bpm (SD 46.29), 
respectively. For both salivary cortisol concentration and HR, the post-race values 
were significantly higher than pre-race values. No correlations were found, 
however, between Greyhound salivary log cortisol concentration and HR in pre-
race (R2 = 0.0098) or post-race (R2 = 0.0104) measurements. Greyhound sex, age, 
journey distance to the stadium, race distance and rank finish position in the race 
were not associated (p > 0.05) with pre- or post-race salivary log cortisol 
concentration or HR.  
 
Further work is required to establish basal cortisol concentration and HR in racing 
Greyhounds on non-race days, as well as measurements before, during and after 
transport to the stadium on race days, in order to investigate the variation in 
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cortisol levels and HR due to transport stress, anticipation of the race event and 
subsequent high-intensity sprint exercise. Alternative measures of stress could also 
be considered, such as monitoring of blood pressure, gastrointestinal activity, 
immunological changes and behavioural responses (Bergeron et al., 2002; Hekman 
et al., 2012; Kay and Hall, 2009; Menor-Campos et al., 2011; Moberg, 2000; 
Ottenheimer Carrier et al., 2013; Pastore et al., 2011). In future work, a larger 
sample size would be beneficial to improve statistical power and ability to detect 
any small but biologically significant variations between groups.  
 
The study detailed in Chapter Three identified a number of environmental (non-
genetic) factors that were significantly associated with the racing performance of 
British Greyhounds, including sex of the dog, birth year, racing age, number of 
dogs in the race, starting trap number, stadium, month-year-stadium combination 
of the race, race type and race distance. Future studies could investigate the 
influence of Greyhound arousal and HPA response on measures of racing 
performance such as race time and speed. 
 
Frequent or chronic activation of the HPA axis through exposure to stressful stimuli 
is associated with adverse effects on animal growth rate, disease susceptibility, 
reproductive performance and behaviour (Johnson et al., 1992). Bone physiology is 
known to be affected by glucocorticoid hormones such as cortisol, and high 
circulating levels of glucocorticoids are associated with an increased risk of 
osteoporosis and bone fracture in humans (Hardy and Cooper, 2010). The present 
study has identified that both pre-race and post-race mean salivary cortisol 
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concentrations in Greyhounds are considerably higher than reported basal values in 
dogs (Glenk et al., 2013; Stracke et al., 2011; Vincent and Michell, 1992). 
Greyhounds take part in frequent high-intensity exercise during training and racing 
throughout their careers. As a result, they are potentially exposed to repeated 
physiological stress with subsequent HPA axis activation and elevated cortisol 
secretion. Consequently, this may affect bone physiology, BMD and risk of fracture 
injuries.  
 
Stress fracture is a common injury of the racing Greyhound (Bellenger et al., 1981; 
Bergh et al., 2012; Boudrieau et al., 1984a, 1984b; Devas, 1961; Emmerson et al., 
2000; Gannon, 1972; Johnson et al., 2000, 2001; Lipscomb et al., 2001; Muir et al., 
1999; Tomlin et al., 2000; Wendelburg et al., 1988). It is hypothesised that stress 
fracture is a multifactorial multigenic disorder resulting from both genetic and 
environmental factors (Yanovich et al., 2012). The study detailed in Chapter Five 
identified several nominally associated SNPs and regions of interest on 
chromosomes that may be implicated in the pathogenesis of stress fracture in the 
racing Greyhound. Future studies could investigate the influence of cortisol levels 
on the development of stress fracture injuries in the Greyhound, and whether 
elevations in cortisol as a result of stress experienced by the Greyhound during 
repeated training and racing affects their risk of injury.  
 
In addition, there is considerable variation within animal populations in the extent 
of an individual's stress response to identical stressful stimuli (Pottinger, 2000). This 
suggests that the response of an animal to stress is affected by genetic as well as 
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environmental factors. Consequently, selective breeding may be used as a strategy 
for the reduction in responsiveness to stressors (Pottinger, 2000), in order to 
improve animal welfare. The extent of the stress response and ability of a 
Greyhound to cope with stressful stimuli such as transport, kennelling, veterinary 
examinations, spectator presence and racing are therefore important factors to 
consider in the selection of Greyhounds for breeding.  
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Chapter Seven. 
General Discussion and 
Conclusions  
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7. General Discussion and Conclusions 
 
7.1. Introduction 
 
Greyhounds are elite athletes, capable of accelerating to speeds of up to 18 m/s in 
just a few seconds (Dobson et al., 1988). Greyhound racing is the third largest 
spectator sport in the UK, and a popular off-course betting medium (Greyhound 
Board of Great Britain, 2009). A recent inquiry into the welfare of racing 
Greyhounds in England (APGAW, 2007) and an independent review of the British 
Greyhound industry (Donoughue, 2007), however, both identified a number of 
serious welfare concerns within the industry. In particular, the reports highlighted 
that the industry produces a surplus of approximately 6,000 to 12,000 unwanted 
young Greyhounds each year, that do not make the grade to race (APGAW, 2007). 
 
The selection of Greyhounds for breeding is currently based on phenotypic racing 
performance; a slow and inefficient method of animal improvement (Taubert et al., 
2007). The aim of animal breeding is to accurately identify animals with ‘superior’ 
characteristics, and to select these individuals for breeding. Scientific methods of 
selection based on performance measurements, genetic evaluations and EBVs have 
been extremely successful in improving health, production, performance and 
trainability in many groups of animals (Bourdon, 2014; Famula, 2012; Simm, 1998). 
In contrast, there have been no previous genetic studies investigating the 
performance of British racing Greyhounds, and EBVs have not previously been 
calculated. 
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In addition, racing Greyhounds sustain several specific musculoskeletal injuries that 
are infrequent in other working or companion dogs (Davis, 1967; Hickman, 1975; 
Prole, 1976; Vaughan, 1969). Bone fracture injuries of the distal limb are common 
(Gannon, 1972; Prole, 1976; Sicard et al., 1999). The majority are considered stress 
fractures, due to cyclic compressive loading causing an accumulation of micro-
damage in the bone beyond its rate of repair by remodelling. Catastrophic fracture 
occurs through micro-crack dissemination or coalescence (Devas, 1961; Gannon, 
1972; McBryde, 1975; Taylor 1997, 1998). Stress fracture is considered a 
multifactorial multigenic disorder resulting from the combined effects of both 
genetic and environmental factors (Yanovich et al., 2012). There is indirect evidence 
suggesting the involvement of genetic factors in the pathogenesis of stress 
fractures in humans (Friedl et al., 1992; Giladi et al., 1986; Givon et al., 2000; 
Linenger and Shwayhat, 1992; Milgrom et al., 1985; Singer et al., 1990; Van 
Meensel and Peers, 2010), and several candidate gene association studies have 
identified potentially associated polymorphisms (Chatzipapas et al., 2009; Korvala 
et al., 2010; McClung and Karl, 2010; Valimaki et al., 2005b; Yanovich et al., 2011, 
2012). Investigation of genetic factors affecting the risk of stress fracture injuries in 
the racing Greyhound, however, has not previously been reported. 
 
Cortisol is a glucocorticoid hormone secreted as a result of activation of the HPA 
axis in response to stressors (Matteri et al., 2000; Mostl and Palme, 2002), and is 
frequently used as a measure of canine stress (Beerda et al., 1996, 1998; Hekman et 
al., 2012; Kobelt et al., 2003; Pastore et al., 2011). Previous studies have 
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investigated the effect of exercise on cortisol levels in agility and sled dogs (Angle et 
al., 2009; Pastore et al., 2011; Rovira et al., 2007; Wakshlag et al., 2004). The effects 
of exercise and racing on cortisol concentration in Greyhounds, however, have not 
previously been reported. 
 
 
7.2. Aims  
 
The aims of the thesis were to establish a performance and pedigree database for 
British racing Greyhounds in order to investigate a number of environmental (non-
genetic) influences on Greyhound race performance; to perform the first genetic 
investigation of British Greyhound race performance data and estimate variance 
components for important performance traits within the industry; and to calculate 
EBVs for British Greyhounds enabling them to be ranked in order of their additive 
genetic merit. Additionally, the thesis aimed to establish a DNA archive for British 
racing Greyhounds; to perform a discovery GWA-study investigating genetic 
factors that may predispose racing Greyhounds to developing stress fracture 
injuries; and to investigate cortisol and HR indicators of Greyhound stress, pre- and 
post-racing. 
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7.3. Overall Findings and Conclusions 
 
7.3.1. Investigation of Environmental Factors Affecting the Race 
Performance of British Greyhounds 
 
A British Greyhound performance and pedigree database was created, consisting 
of 1,711,489 individual race performance records for 50,452 GBGB-licensed 
Greyhounds during a five-year period from 2008 to 2012, with a total of 73,344 
Greyhounds in the pedigree file. In the largest study of its kind, the data set was 
examined using ANOVA statistical procedures and general linear models to 
investigate various environmental (non-genetic) influences on the race 
performance of British Greyhounds. The environmental factors of Greyhound sex, 
birth year, number of dogs in the race, starting trap number, stadium, month-year-
stadium combination of the race, and the covariate racing age of the dog, were 
each found to be significantly associated (p < 0.0001) with the performance traits 
Race Time (over a 480 m race distance) and Speed (over all race distances). In 
addition, the factors of race type and the covariate race distance were each found 
to be significantly associated (p < 0.0001) with Speed. This result is to be expected, 
with decreasing mean speed as the race distance and number of bends to 
negotiate increases. The environmental factors of Greyhound sex, birth year, 
starting trap number and month-year-stadium combination of the race were each 
found to be significantly associated (p < 0.0001) with the performance trait Rank. 
The covariate racing age of the dog was also significantly associated (p < 0.0005) 
with Rank. Factors of race type, stadium, and the covariate race distance, 
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however, had no significant effect (p > 0.05) on Rank. This result is to be expected, 
as overall there would be an equal number of (adjusted) rank finish positions one 
to six regardless of race distance, number of bends to negotiate or stadium. 
 
Male Greyhounds performed better than females in terms of Race Time (over a 
480 m race distance), Speed and Rank (over all race distances). This finding would 
not necessarily result in a preference for male Greyhounds over females within the 
industry, as races are mixed sex and graded so that dogs compete against others of 
similar ability. One possible exception to this is for Open Races, in which any 
Greyhound of any ability may take part, and consequently a male dog may be 
considered more favourable.  
 
British Greyhounds improved in Race Time and Speed until reaching maximum 
performance levels at approximately 30 months of age and 25 months of age, 
respectively, then declined in performance over the remainder of their racing 
career. These results would not necessarily impact the duration of a Greyhound's 
racing career as it is common for Greyhounds to drop down in race grades as they 
decline in speed with age, in order to continue racing competitively. Again, an 
exception to this may be for Open Race dogs, and this finding may demonstrate 
the optimum age for a Greyhound to take part in open races where speed and 
maximum performance are critical. Overall, Greyhounds born later in terms of 
birth year (2001 to 2011) tended to perform better, suggesting genetic 
improvement in the traits over time. 
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The number of dogs (4 - 6) in the race was significantly associated with Race Time 
(over a 480 m race distance) and Speed (over all race distances). Greyhounds 
performed better when there were five dogs competing in the race, and 
performed worst when there were four dogs. Six-dog races are most common in 
the UK, and four or five-dog races are typically held only when a Greyhound has 
been withdrawn from a race, for example due to injury, or where there are 
insufficient Greyhounds of similar ability available to take part in the race. In 
further work, it would be interesting to investigate whether the number of dogs 
taking part in the race is associated with injury rate. It may be expected that five-
dog races result in fewer injuries compared to six-dog races, as there is less 
congestion of dogs. This may not be the case, however, as Greyhounds running in 
five-dog races were found to have faster mean speeds than those competing in six-
dog races. Greyhound injury rate is reported to be higher with faster running 
speed (Sicard et al., 1999). 
 
Greyhounds performed better in terms of Race Time (over a 480 m race distance), 
Speed and Rank (over all race distances) when starting the race from trap number 
one, closest to the inner rail of the track, and performed worst when starting from 
trap five. This result is interesting, as for the vast majority of races the 
Greyhound's starting trap number is not randomly selected, but instead 
determined by the racing manager at each stadium. This finding may impact the 
British Greyhound industry, as trainers and owners of Greyhounds may feel 
disadvantaged if allocated trap number five. This would particularly apply to 
middle-running Greyhounds that tend to be allocated starting traps two to five, 
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rather than clear rail (trap one) or wide (trap six) runners. Furthermore, this 
finding may affect the betting industry considerably, by influencing the gambler's 
choice of Greyhound to place a bet on. Dogs starting from trap one won 
significantly more races over the study period, where as dogs starting from trap 
five were least likely to win. 
 
The stadium of the race was found to be significantly associated with Race Time 
(over a 480 m race distance) and Speed (over all race distances). This result may be 
explained by British Greyhound stadiums varying considerably in track design, 
track surface conditions and preparation methods. Due to the large data set and 
computational limitations of the software, it was not possible to examine the 
effect of local environmental conditions on Greyhound race performance in terms 
of variations between individual race events, or combinations of stadium and race 
date. The influence of season and climatic conditions was therefore examined 
through analysis of the effect of month-year-stadium combination of the race 
(MYStad). Climatic conditions can vary considerably, however, between days and 
hours in any given month in a particular location. It would be useful in future work 
to obtain local rainfall and temperature data for each stadium throughout the 
year, to further investigate the effects of season and climatic conditions on racing 
performance. Furthermore, the track surface conditions can vary considerably 
between races on a particular race night. Future work may involve analysis of a 
smaller subset of the data in order to investigate the influence of individual race 
event on Greyhound performance.  
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A further limitation of the study design is that it assumed each race start is 
independent. There is, however, clustering of the data, as the same dog can 
appear more than once in the performance results for each race start it completes 
during the study period. 
 
Overall, there was a phenotypic improvement in British Greyhounds of 0.24 s in 
Race Time and 0.09 m/s in Speed, during the five-year period from 2008 to 2012. 
This is equivalent to a phenotypic improvement of 0.048 seconds per year and 
0.018 metres per second per year for Race Time and Speed, respectively. 
Phenotypic improvements in Race Time and Speed may be observed as a result of 
both genetic improvement within the population and improvements in 
environmental (non-genetic) factors such as nutrition, training, climatic conditions 
and track surface conditions over time. It is not possible to achieve a phenotypic 
improvement in Rank over time, as a rank of one (first) is always the highest. 
 
Additional environmental (non-genetic) influences on Greyhound race 
performance could be examined in future work, such as the effect of trainer, 
nutrition, Greyhound body weight and track surface water content. Additional 
measures of performance could also be examined, such as prize money earnings, 
total number of race starts and susceptibility to injury. 
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7.3.2. Genetic Analysis of Race Performance in British Greyhounds 
 
This thesis presents the first study to investigate genetic variation in race results 
and estimate variance components and EBVs for performance traits of British 
Greyhounds. To date, it is the largest genetic study of racing Greyhound 
performance worldwide. The identified environmental factors were used to fit 
three univariate mixed linear animal-models, in order to perform genetic 
evaluations for each of the three performance traits: Race Time (over a 480 m 
distance), Speed and Rank (over all distances). Genetic parameters and EBVs were 
calculated using the software package DMU, version 6, release 5.2 (Madsen and 
Jensen, 2013), with estimation of variance components, fixed effects and random 
effects using AI-REML, BLUE and BLUP, respectively. Estimated heritabilities were 
found to be moderate-high for Race Time (0.44), moderate for Speed (0.37) and low 
for Rank (0.02). Repeatabilities were moderate-high for Race Time (0.56) and Speed 
(0.52), and low for rank (0.03). EBVs were calculated for 73,344 British Greyhounds, 
and varied from 3.340 (worst) to -1.090 (best) (SD 0.196) for Race Time, -0.786 
(worst) to 0.666 (best) (SD 0.126) for Speed and 0.491 (worst) to -0.633 (best) (SD 
0.098) for Rank. Over a 12 year period, genetic improvements equivalent to 0.021 s 
per year, 0.013 m/s per year and 0.0025 rank finish positions per year were 
identified for the performance traits Race Time, Speed and Rank, respectively. 
 
The results indicate that the current method of Greyhound selection for breeding 
based on phenotypic performance is effective for Ra
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traits are moderately heritable, and both phenotypic and genetic improvements in 
Race Time and Speed were observed over the five-year study period. The results 
also demonstrate, however, that the current system of breeding does not use the 
genetic potential of the population to maximum effect. Considerable variation in 
EBVs for Race Time (-0.031 to -0.426) (SD 0.09), Speed (0.032 to 0.240) (SD 0.05) 
and Rank (0.104 to -0.143) (SD 0.07) was identified in the top 20 Greyhound sires 
with the greatest numbers of offspring (817 to 3,203 progeny). The popular 
Greyhound sires used most frequently for breeding were not those with the best 
genetic merit. 
 
The current over-breeding and production of surplus young Greyhounds is a 
significant welfare concern within the Greyhound industry. It is likely that a major 
factor in this overproduction and wastage is the inefficient selection of Greyhounds 
for breeding, with young dogs subsequently not performing as expected or as 
required. It is vitally important to select parents for breeding based on their genetic 
merit, rather than those that perform well simply due to favourable environmental 
conditions, as it is only the genetic superiority that will be passed on to the next 
generation. Whilst there is no need to increase the overall speed of the British 
Greyhound population, there is an urgent requirement to select Greyhounds for 
breeding more efficiently, so that dogs are not discarded at a young age when they 
are found to be too slow for competitive racing. The application of targeted genetic 
selection based on EBVs would be considerably more efficient than traditional 
methods of breeding based on phenotypic performance (Bourdon, 2014; Simm, 
1998; Taubert et al., 2007). Importantly, selection based on EBVs would result in 
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offspring of predictable and superior genetic merit for racing performance, 
therefore minimising the number of young Greyhounds that do not make the grade 
to race. 
 
This thesis uses speed (and race time as a function of speed) as an example trait. If 
Greyhounds were selected for breeding based solely on genetic merit for race time 
or speed, however, this may in fact be selecting for dogs with lighter and weaker 
bones and therefore increased risk of injury. In future work, genetic evaluations 
could be performed and EBVs calculated for other Greyhound health, welfare and 
economically-important traits where recorded data is available, such as injury and 
disease resistance, longevity, trainability, behavioural traits and adaptation to a 
kennel environment. The resulting EBVs could be combined with those for speed 
and race time and used to create a selection index, providing a useful tool for 
breeders to use in the selection of Greyhounds for breeding. The application of 
such a selection index to Greyhound breeding practices would enable the 
simultaneous genetic improvement in a number of traits within the population. 
 
Recent scientific advances in the area of animal breeding, and development of 
next-generation sequencing and genotyping technologies, have enabled the 
estimation of breeding value based on a combination of phenotypic 
measurements of performance, pedigree information and genome sequencing 
data, to produce a Genomic Estimated Breeding Value (GEBV) (Eggen, 2012). 
Advantages of selection based on GEBVs compared to selection based on 
traditional EBVs include the potential for improved accuracy and a considerably 
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faster rate of genetic improvement (Goddard and Hayes, 2009). In future studies, 
genotyping of a large reference population of racing Greyhounds could be 
performed to identify polymorphisms associated with complex performance traits 
such as Race Time or Speed, and used in combination with the phenotypic 
performance and pedigree data to create GEBVs to further assist in selection of 
animals for breeding. Additionally, if phenotypic injury data were made available 
for Greyhounds racing in the UK, it may be possible in future studies to combine 
this with genotyping data, in order to produce GEBVs for the risk of stress fracture 
and other serious racing injuries. 
 
One of the challenges faced by the Greyhound industry and researchers is 
changing the views of Greyhound breeders, owners and trainers on traditional 
methods of breeding that have been employed since the introduction of 
Greyhound racing as a sport. As a direct result of the work carried out in this 
thesis, the GBGB established the Breeding Advisory Group for Racing Animals 
(BAGRA) in January 2015. The initial aims of BAGRA include educating members of 
the Greyhound industry in the requirement for a move from traditional methods 
of breeding to methods based on genetic analysis, and to identify and organise 
areas of further research. As a large proportion (75%) of Greyhounds that race in 
the UK were originally bred in Ireland (APGAW, 2007), fully addressing the issue of 
over-breeding will require collaboration between the Irish and British Greyhound 
industries. The research conducted in this thesis has therefore triggered the start 
of change within the Greyhound industry. This can now be taken forward and 
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expanded upon in order to further investigate and develop methods of targeted 
genetic selection for Greyhound breeding. 
 
 
7.3.3. Investigation of Genetic Factors in the Pathogenesis of Stress 
Fracture Injuries in the Racing Greyhound  
 
This thesis presents the first genetic investigation of stress fracture injuries in the 
racing Greyhound. A DNA archive was established for British racing Greyhounds, 
providing a valuable resource for future genetic research. A total of 237 
Greyhound DNA samples (135 males and 102 females) from Greyhounds that had 
sustained a stress fracture (n = 91 dogs) and from healthy uninjured dogs (n = 146 
dogs) were obtained from Greyhound saliva, skin and muscle tissue samples. For 
each individual in the archive, detailed pedigree, phenotypic, race history and 
injury data was collected. Previous canine GWA studies have frequently made use 
of control DNA samples obtained from DNA archives, usually with very little 
phenotypic data available for the individual animal (Massey et al., 2014; Wood et 
al., 2009). Each Greyhound sample in the DNA archive established in the present 
study, however, was extremely well phenotyped. This provides a useful resource 
for future validation of the results obtained in the thesis, as well as for further 
genetic studies of the racing Greyhound.    
 
A discovery GWA study was performed to investigate genetic factors that may 
predispose racing Greyhounds to develop specific stress fracture injuries. Genome-
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wide SNP genotyping of 21 case (affected) and 24 control (unaffected) Greyhound 
DNA samples was performed using the Illumina® CanineHD BeadChip (Illumina, 
San Diego, California, USA). No SNPs were found to reach genome-wide statistical 
significance at the p ≤ 0.00001 significance level, or remained significant after 
Bonferroni correction, and this is likely to be due to the small sample size used in 
the study. For further investigation of SNPs associated with stress fracture risk, 
larger sample sizes would be required. A further limitation of the GWA study 
design was the inclusion of second-degree relatives, due to the limited availability 
of DNA samples from unrelated individuals. This may introduce bias, as particular 
within-family genotypes are over-represented in the study (Anderson et al., 2010). 
All Greyhounds included in the study were extremely well phenotyped, however, 
with detailed pedigree, race history and injury data obtained for both case and 
control individuals. 
 
As an initial discovery GWAS, the study has identified a number of nominally 
associated SNPs and regions of interest on chromosomes that may be implicated 
in the pathogenesis of stress fractures in the racing Greyhound, and that warrant 
further investigation. 11 SNPs were significantly associated at the p ≤ 0.0001 level 
and a further 96 SNPs at the p ≤ 0.001 level. Interestingly, several of the most 
significantly associated polymorphisms were identified within or in close proximity 
to genes involved in bone metabolism pathways. This included: the PPARG gene, a 
key modulator of skeletal remodelling and bone homeostasis; SFRP2, a regulator 
of cell differentiation and bone formation; PPP2R2D, an important negative 
modulator of the TGF-β (transforming growth factor beta) signalling pathway 
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involved in the maintenance and development of the progenitors of osteoblasts 
and bone formation; and ATP6V1C2, involved in osteoclastic bone resorption.  
 
This study is the first to investigate and identify SNPs that are nominally associated 
with stress fracture risk in the racing Greyhound. Further work is required to 
validate the associations by fine-mapping using a larger cohort of case and control 
samples from the same Greyhound population. Targeted sequencing of the regions 
of interest is then required, in order to identify the causative mutations and 
specific genetic risk factors for the development of Greyhound stress fracture 
injuries.  
 
Stress fracture is thought to be a multifactorial multigenic disorder controlled by 
both genetic and environmental factors (Yanovich et al., 2012). Further studies 
could investigate whether known environmental risk factors in humans are also 
involved in the pathogenesis of stress fracture in the racing Greyhound, such as 
training intensity, training surface, nutrition, gender, age, height, type of physical 
activity, fitness level, serum parathyroid concentration, serum vitamin D 
concentration and bone mineral density. Additional factors such as body weight, 
frequency of racing, race distance, number of race starts and mean racing speed 
could also be investigated.  
 
Once causative genetic mutations are confirmed, the results can be used to inform 
selection of Greyhounds for breeding in order to produce stronger racing animals 
that are less predisposed to injury. The additional identification of environmental 
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risk factors could be used to inform Greyhound nutrition and management, for 
example, in order to minimise the overall risk of stress fracture injury. 
 
In addition, further work could investigate SNPs associated with other complex 
traits in Greyhounds such as longevity, susceptibility to disease, trainability and 
behavioural traits. 
 
 
7.3.4. Salivary Cortisol and Heart Rate as Measures of Stress in the Racing 
Greyhound 
 
Finally, this thesis investigated the effects of exercise and a number of 
environmental factors on cortisol and HR indicators of stress in the racing 
Greyhound. The thesis identified that short-duration high-intensity sprint exercise 
in Greyhounds results in a statistically significant increase in both HR and secretion 
of the glucocorticoid hormone cortisol, which is detectable in saliva samples 
immediately post-racing. There were significant differences pre-race and post-race 
between each Greyhound's paired salivary log cortisol concentration (p = 
0.000004) and paired HR (p = 0.002). For both salivary log cortisol concentration 
and HR, the post-race values were significantly higher than pre-race values. 
Furthermore, the mean Greyhound salivary cortisol concentration pre-race (12.17 
ng/ml) was considerably higher than reported baseline values in dogs (0.8 ng/ml to 
5.3 ng/ml) (Glenk et al., 2013; Stracke et al., 2011; Vincent and Michell, 1992), 
indicating increased arousal and activation of the HPA axis during the immediate 
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pre-race period. There was no correlation between Greyhound salivary log cortisol 
concentration and HR in pre-race (R2 = 0.0098) or post-race (R2 = 0.0104) 
measurements. Greyhound sex, racing age, journey distance to the stadium, race 
distance and rank finish position in the race were not associated (p > 0.05) with 
pre- or post-race salivary log cortisol concentration or HR.  
 
A limitation of the study is that resting salivary cortisol concentration and HR were 
not measured. Consequently, the pre- and post-race cortisol levels and HR cannot 
be compared to basal values in the Greyhounds studied. Further work is required 
to establish basal cortisol concentrations and HR for Greyhounds on non-race 
days, as well as measurements before, during and after transport to the stadium 
on the day of the race. In addition, due to a delay of up to five minutes between 
the end of the race and HR measurement, the post-race HR data collected in the 
study may not be a true indication of the immediate post-race values. Future 
studies could consider measures of HR variability using a continuous HR 
monitoring system (Becker-Birck et al., 2013; Lewinski et al., 2013; Schmidt et al., 
2010a,b,c). Alternative or additional measures of stress could also be investigated, 
such as blood pressure, gastrointestinal activity, immunological changes and 
behaviour (Bergeron et al., 2002; Hekman et al., 2012; Kay and Hall, 2009; Menor-
Campos et al., 2011; Moberg, 2000; Ottenheimer Carrier et al., 2013; Pastore et 
al., 2011). 
 
The study took place at an Independent (non-GBGB) Greyhound stadium. There 
are many differences, however, between Independent and GBGB-licensed 
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Greyhounds, stadiums and race day procedures. Greyhounds racing at 
Independent tracks frequently live in the home as pet dogs, where as licensed 
Greyhounds are required to live in a kennel environment. Transport to the race 
track may also differ, with some non-GBGB Greyhounds transported in cars rather 
than vans. Independent tracks are required to provide kennels for at least 20% of 
the Greyhounds racing on a given night. Use of the kennels is optional, however, 
and in the present study these kennels were never used. In contrast, all GBGB-
licensed Greyhounds are required to be kennelled for at least 45 minutes prior to 
their race or trial. It would be useful in future work to investigate cortisol as a 
measure of stress in GBGB-licensed Greyhounds, to determine whether 
differences exist between the two sectors of racing dogs pre- and post-race. 
Future studies could investigate effects of the required pre-race kennelling period 
on measures of Greyhound stress. Additionally, the detailed performance data 
available for GBGB-licensed dogs would enable the investigation of associations 
between cortisol concentration and race performance.  
 
This thesis has identified that sprint exercise in Greyhounds results in activation of 
the HPA axis and an increase in salivary cortisol concentration. The frequent 
increase in cortisol secretion as a result of regular racing may have implications for 
the health and welfare of the Greyhound, as frequent or chronic elevation of 
glucocorticoids is associated with protein catabolism, hyperglycaemia, 
immunosuppression and reduced reproductive performance (Dobson and Smith, 
1995; Matteri et al., 2000; Mostl and Palme, 2002). Furthermore, increased levels 
of glucocorticoids are reported to increase the risk of osteoporosis and bone 
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fracture in humans (Hardy and Cooper, 2010). Future studies could investigate the 
long-term effects of frequent cortisol elevation on Greyhound health and welfare, 
and the influence of cortisol levels in the development of stress fracture injuries. In 
addition, an individual's response to stressful stimuli is controlled by both genetic 
and environmental factors (Pottinger, 2000). Further studies could investigate the 
genetic factors associated with a Greyhound's stress response and ability to cope 
with potentially stressful stimuli such as racing, kennelling and transport.  
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7.3.5. Conclusions 
 
Overall, this thesis has identified a number of environmental (non-genetic) factors 
that affect British Greyhound race performance. Variance components, estimated 
heritabilities and repeatabilities have been calculated for the industry-important 
performance traits Race Time, Speed and Rank, and EBVs have been calculated for 
73,344 British Greyhounds. In addition, this thesis has identified a number of 
nominally associated SNPs and regions of interest on chromosomes that may be 
implicated in the pathogenesis of stress fracture injuries in the racing Greyhound, 
and that warrant further investigation. Furthermore, this thesis has identified that 
short-duration, high-intensity sprint exercise in Greyhounds results in a significant 
increase in HR and salivary cortisol concentration, detectable immediately post-
race. The results of this work, along with further studies, can be used to inform 
future Greyhound breeding practices in order to produce stronger, less injury-
prone and better-performing dogs of predictable and superior genetic merit. 
Importantly, the responsible use of targeted genetic selection within the industry 
may improve Greyhound welfare by minimising the number of surplus dogs 
produced. 
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Appendices 
 
Appendix 1:  British Racing Greyhound Pedigree and Performance Database,  
  Genetic Analysis and Estimated Breeding Values. 
 
See disc. 
 
Appendix 2a: Details of the module 'Check_Dog_Table'  
(Microsoft Access Visual Basic utility program) written to facilitate data checking 
and maintenance of the Greyhound Pedigree and Performance Database tables.  
 
Module 'Check_Dog_Table' contained one subroutine that checked the 
Performance Data table against the Dog Data table, to determine whether 
corresponding Greyhound ID numbers were present and to list any discrepancies: 
 
Sub Check_Dog_Table() 
 
'This subroutine checks the Performance Data against the Dog Data 
table, determining if there 
'is a corresponding Dog ID. 
 
'Currently all dogs accounted for. Number of unique dogs in 
Performance Data table = 52826 
 
   Dim db As DAO.Database 
   Dim rs_PD As DAO.Recordset 
   Dim ID, OldID, DogCount, Count As Long 
   Dim n As Integer 
   Dim sql_query As String 
 
Set db = CurrentDb 
sql_query = "SELECT [Performance Data].[GH Data ID] FROM 
[Performance Data] ORDER BY [Performance Data].[GH Data ID];" 
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Set rs_PD = db.OpenRecordset(sql_query) 
rs_PD.MoveFirst 
OldID = 0 
Count = 0 
DogCount = 0 
Do While Not rs_PD.EOF Or rs_PD.BOF 
  ID = rs_PD("GH Data ID") 
  If ID <> OldID Then 
    n = DCount("[GH Data ID]", "Dog Data", "[GH Data ID] = " & ID) 
    If n = 0 Then 
     Debug.Print ID 
     'Debug.Print Trim$(ID) 
     Count = Count + 1 
    End If 
   OldID = ID 
   DogCount = DogCount + 1 
  End If 
 'DoEvents 
 rs_PD.MoveNext 
Loop 
 
Debug.Print Count, DogCount 
 
Set rs_PD = Nothing 
 
End Sub 
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Appendix 2b: Details of the module 'Check_Pedigree_Table'  
(Microsoft Access Visual Basic utility program) written to facilitate data checking 
and maintenance of the Greyhound Pedigree and Performance Database tables.  
 
Module 'Check_Pedigree_Table' contained one subroutine that checked the 
Phenotypic Data table against the Pedigree Data table, to determine whether 
corresponding Greyhound ID numbers were present and to list any discrepancies: 
 
Sub Check_Pedigree_Table() 
'This subroutine checks the Dog Data against the Pedigree Data table, 
determining if there 
'is a corresponding Dog ID. 
 
   Dim db As DAO.Database 
   Dim rs_DD, rs_PD As DAO.Recordset 
   Dim ID, Count As Long 
   Dim n As Integer 
   Dim sql_query As String 
   Dim Mod_Pedigree_Table As Boolean 
 
Mod_Pedigree_Table = False 
 
Set db = CurrentDb 
If Mod_Pedigree_Table = True Then Set rs_PD = 
db.OpenRecordset("Pedigree Data") 
 
sql_query = "SELECT [Dog Data].[Greyhound ID] FROM [Dog Data] 
ORDER BY [Dog Data].[Greyhound ID];" 
 
Set rs_DD = db.OpenRecordset(sql_query) 
rs_DD.MoveFirst 
 
Count = 0 
DogCount = 0 
 
Do While Not rs_DD.EOF Or rs_DD.BOF 
  ID = rs_DD("Greyhound ID") 
 
    n = DCount("[Greyhound ID]", "Pedigree Data", "[Greyhound ID] = " & 
ID) 
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    If n = 0 Then 
     Debug.Print ID 
     If Mod_Pedigree_Table = True Then 
      rs_PD.AddNew 
      rs_PD.Fields("Greyhound ID") = ID 
      rs_PD.Fields("Sire ID") = 0 
      rs_PD.Fields("Dam ID") = 0 
      rs_PD.Update 
     End If 
     'Debug.Print Trim$(ID) 
     Count = Count + 1 
    End If 
 
 'DoEvents 
 rs_DD.MoveNext 
Loop 
 
Debug.Print Count 
 
Set rs_DD = Nothing 
Set rs_PD = Nothing 
 
End Sub 
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Appendix 2c: Details of the module 'Check_Performance_ID'  
(Microsoft Access Visual Basic utility program) written to facilitate data checking 
and maintenance of the Greyhound Pedigree and Performance Database tables.  
 
Module 'Check_Performance_ID' checked the Performance Data table against the 
Race Data table, to ensure they both contained corresponding values for RaceID:  
 
Sub Check_Performance_ID() 
 
'This subroutine checks the Race Data against the Performance Data 
table, determining if there 
'is a corresponding Race ID. 
 
   Dim db As DAO.Database 
   Dim rs_RD As DAO.Recordset 
   Dim RaceID, Count As Long 
   Dim n, nDogs As Integer 
 
Set db = CurrentDb 
Set rs_RD = db.OpenRecordset("Race Data") 
rs_RD.MoveFirst 
 
Count = 0 
Do While Not rs_RD.EOF Or rs_RD.BOF 
  ID = rs_RD("RaceID") 
  nDogs = rs_RD("NoDogs") 
    
    n = DCount("[RaceID]", "Performance Data", "[RaceID] = " & ID) 
    If n <> nDogs Then 
     Debug.Print ID; nDogs; n 
     'Debug.Print Trim$(ID) 
     Count = Count + 1 
    End If 
  
 'DoEvents 
 rs_RD.MoveNext 
Loop 
 
Debug.Print Count 
 
Set rs_RD = Nothing 
End Sub 
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Appendix 3: The Structured Query Language - 'Check_Pedigree_Data' query 
performed in Microsoft Access, in order to cross-check records in the Pedigree 
Data table and Phenotypic Data table of the Greyhound Pedigree and 
Performance Database. The query was used to determine whether any errors in 
dates of birth were present. 
 
SELECT [Pedigree Data].[Greyhound ID], [Dog Data].Name, [Dog Data].DOB, [Dog 
Data_1].[Greyhound ID], [Dog Data_1].Link, [Dog Data_2].[Greyhound ID], [Dog 
Data_2].Link, [Dog Data_1].DOB, [Dog Data_2].DOB, IIf([Dog Data_1.DOB]>[Dog 
Data.DOB],"Error","") AS [Sire DOB Error], IIf([Dog Data_2.DOB]>[Dog 
Data.DOB],"Error","") AS [Dam DOB Error] 
FROM (([Dog Data] INNER JOIN [Pedigree Data] ON [Dog Data].[Greyhound ID] = 
[Pedigree Data].[Greyhound ID]) INNER JOIN [Dog Data] AS [Dog Data_1] ON 
[Pedigree Data].[Sire ID] = [Dog Data_1].[Greyhound ID]) INNER JOIN [Dog Data] AS 
[Dog Data_2] ON [Pedigree Data].[Dam ID] = [Dog Data_2].[Greyhound ID] 
ORDER BY IIf([Dog Data_1.DOB]>[Dog Data.DOB],"Error","") DESC , IIf([Dog 
Data_2.DOB]>[Dog Data.DOB],"Error","") DESC; 
 
 
 
 
 
 
  
 Appendix 4: Information sheet for Greyhound owners or tra
  donation of a saliva sample from a dog
 
 
                                                                            
Information for Greyhound Owners or Trainers Considering Donation of a Saliva 
We would like to ask for your help. At the University of Liverpool we carry out 
research into the health, welfare and performance of Racing Greyhounds. We are 
carrying out a genetics study to investigate whether some Greyhounds are prone to 
certain types of racing injuries.
techniques to identify differences in the genetic code between injured and 
uninjured dogs. This will help us to understand the risk factors for different injuries 
and, eventually, to find ways to reduce them. When
we will communicate everything we learn back to the Greyhound community via 
trainers’ forums, Greyhound Vets and the GBGB.
To carry out this research, we need to take saliva samples from dogs using special 
collection kits. The 
distress. We place two small sponges into the dog’s mouth for 30
collect the saliva. These samples give us information about the genetics of the dog. 
We also store part of the samples f
greyhound health and welfare. This way we can gain the maximum benefit from the 
donation.  
We would be very grateful if you will agree to donate a saliva sample from your dog. 
Your involvement is completely volun
remain anonymous and will not be disclosed. Only the people working on this 
project will have access to individual data. 
If you are willing to help us, we need you to sign a simple form (attached) to 
confirm you have agreed to the donation and you understand what the samples will 
be used for. We are delighted to talk to you about our work and we really 
appreciate all of your comments and suggestions. Thank you very much for 
considering helping us.
 
Yours sincerely, 
iners considering 
. 
 
Sample from a Dog 
 
 We use state of the art genome sequencing 
 we have completed the study 
 
procedure is very simple and does not cause any harm or 
or use in future projects that will benefit 
tary. Your identity, and that of your dog, will 
 
 
465 
 
-60 seconds and 
 Ruth Dockerty BVSc MSc MRCVS
 
If you have any questions or concerns about this study, please contact Ruth 
Dockerty on: *********** or ***********
 
 
Appendix 5: Information sheet for Greyhound owners or trainers considering 
  donation of a 
 
 
 
                                                                            
Information for Greyhound Owners or Trainers Considering Donation of a Tissue 
We would like to ask for your help. At the University of L
research into the health, welfare and performance of Racing Greyhounds. We are 
carrying out a genetics study to investigate whether some Greyhounds are prone to 
certain types of racing injuries. We use state of the art genome sequenci
techniques to identify differences in the genetic code between injured and 
uninjured dogs. This will help us to understand the risk factors for different injuries 
and, eventually, to find ways to reduce them. When we have completed the study 
we will communicate everything we learn back to the Greyhound community via 
trainers’ forums, Greyhound Vets and the GBGB.
To carry out this research, we need to take postmortem skin tissues samples from 
dogs that have been euthanased after injury.  We also store par
use in future projects that will benefit greyhound health and welfare. This way we 
can gain the maximum benefit from the donation. 
We would be very grateful if you will agree to donate a tissue sample from your 
dog. Your involvement i
will remain anonymous and will not be disclosed. Only the people working on this 
project will have access to individual data. 
If you are willing to help us, we need you to sign a simple form (at
 
  
 
tissue sample from a dog. 
 
Sample from a Dog 
 
iverpool we carry out 
 
t of the samples for 
 
s completely voluntary. Your identity, and that of your dog, 
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ng 
tached) to 
 confirm you have agreed to the donation and you understand what the samples will 
be used for. We are delighted to talk to you about our work and we really 
appreciate all of your comments and suggestions. Thank you very much for 
considering helping us.
 
Yours sincerely, 
Ruth Dockerty BVSc MSc MRCVS
 
If you have any questions or concerns about this study, please contact Ruth 
Dockerty on: *********** or ***********
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 Appendix 6: Consent form for the donation of a saliva sample from a 
  Greyhou
 
 
                                                                                                           
Consent for the Donation of a Saliva Sample from a Greyhound
1. I confirm that I have read and have understood the information sheet
for the donation of a saliva sample from a Greyhound
opportunity to consider the information, ask questions and have had 
these answered satisfactorily.
2. I understand that my participation is
decline to participate
animal. 
3. I understand that under the Data Protection Act, I can ask for access to 
the information I provide at any time and I can request the destruction of 
that information. I understand that I may 
questions and my individual privacy will be maintained in all published 
and written data from the study.
4. I agree to donate the saliva sample of my dog for research that will 
benefit greyhound welfare
 
If you agree to these 
Owner or Trainer Name (please print)
Signature: 
Date: 
 
Contact:  Ruth Dockerty BVSc MSc MRCVS
University of Liverpool 
Tel: ***********
Email: *********************
nd. 
 
 
 
. I have had the 
 
 completely voluntary
 this will not affect the veterinary treatment of my 
refuse to answer particular 
 
. 
conditions, please sign below: 
: 
 
– School of Veterinary Science
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 and if I 
 
 Appendix 7: Consent for
  Greyhound
 
 
                                                                                                           
Consent for the Donation of a Tissue Sample from a Greyhound
1. I confirm that I ha
for the donation of a tissue sample from a Greyhound
opportunity to consider the information, ask questions and have had 
these answered satisfactorily.
2. I understand that my participation
decline to participate
animals. 
3. I understand that under the Data Protection Act, I can ask for access to 
the information I provide at any time and I can request the d
that information. I understand that I may refuse to answer particular 
questions and my individual privacy will be maintained in all published 
and written data from the study.
4. I agree to donate the tissue sample from my dog for research th
benefit greyhound welfare
If you agree to these conditions, please sign below:
Owner or Trainer Name (please print)
Signature: 
Date: 
 
Contact:  Ruth Dockerty BVSc MSc MRCVS
 University of Liverpool 
 Tel: ******
  Email: *********************
 
m for the donation of a tissue sample from a 
. 
 
 
 
ve read and have understood the information sheet
. I have had the 
 
 is completely voluntary
 this will not affect the veterinary treatment of my 
estruction of 
 
. 
 
: 
 
– School of Veterinary Science
***** 
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 and if I 
at will 
 
 Appendix 8: Form used to obtain 
  or trainer donatin
  Association Study
                                                         
 
 
Sample ID:     ……………………
  
Name of Trainer: 
Kennels Address: 
   
   
Phone No:  
 
 
ANIMAL DETAILS 
Greyhound Racing Name:
Ear Tattoo:  
Sex:  M 
DOB:  ……/….../
Place of Birth:         ……………………….
Diet:   
   
   
   
 
Exercise & Training: 
Greyhound phenotypic data from 
g a saliva sample for use in the Genome
. 
                                
  
 
  Date of Sample Collection:     
 …………………………………………………………..
 …………………………………………………………..
 …………………………………………………………..
 …………………………………………………………..
 …………………………………………………………..
 …………………………………………………………..
 …………………………………………………………..
 F  Neutered:          Y
……..  Weight (kg):  …………………..
  Time at Kennel: 
 …………………………………………………………..
 …………………………………………………………..
            ...........................................................
            .................................................................
 …………………………………………………………..
470 
the owner 
-Wide  
……………….. 
................ 
................ 
................ 
................ 
................ 
................ 
................ 
        N  
............ 
………y ..……m 
................. 
................. 
.................... 
.............. 
................. 
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    …………………………………………………………................... 
    …………………………………………………………................... 
               ………………………………………………………….................... 
 
History of Injuries:  …………………………………………………………................... 
    …………………………………………………………................... 
    …………………………………………………………................... 
    …………………………………………………………................... 
 
Other Medical Conditions: …………………………………………………………................... 
    …………………………………………………………................... 
 
 
 
 
Appendix 9: Phenotypic Data for Greyhounds in the GWA Study. 
 
Where: Sample ID, ID number of the dog; Sex, male (M) or female (F); Date of Birth, 
birth date of the dog; Place of Birth, country of birth; Weight, body weight of the 
dog in kilograms; Stress Fracture, location of the stress fracture sustained by the 
dog (cases); No. Races to Fracture, total number of races ran by the dog before 
fracture occurred (cases); No. Races Ran, total number of races ran by the dog 
without fracture occurring, to date of sample collection (controls); Trainer, ID 
number of the Greyhound trainer; Date Sample Collection, date saliva sample 
collected from the dog; DNA, the concentration of DNA extracted from the saliva 
sample, in nanograms per microlitre. 
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Appendix 9: Phenotypic Data for Greyhounds in the GWA Study (Cases): 
Sample  
ID Sex Date of Birth Place of Birth Weight (kg) Stress Fracture 
No. Races to  
Fracture Trainer 
Date Sample 
Collection 
DNA  
(ng/ul) 
S001 M 01/08/2009 Ireland 33 Right Hock  49 1 22/06/2012 16 
S006 F 13/09/2009 Ireland 29 Right Hock  39 1 22/06/2012 16.8 
S025 F 18/05/2010 UK 26 Right MT  17 2 12/07/2012 43.4 
S026 F 01/07/2009 Ireland 29 Left MT 35 2 12/07/2012 74.8 
S029 F 01/08/2008 Ireland 28.4 Right Hock  43 3 13/07/2012 18.3 
S044 F 23/04/2008 UK Unknown Hock (Unknown limb) 46 4 16/07/2012 63 
S047 M 14/06/2009 Ireland Unknown Hock (Unknown limb) 27 4 16/07/2012 109 
S053 F 01/11/2008 Unknown Unknown Hock (Unknown limb) 44 4 16/07/2012 19.5 
S073 F 15/06/2008 Ireland 28.2 MT (Unknown limb) 43 5 17/07/2012 21.5 
S079 M 12/03/2010 Ireland 33 Left Hock 10 6 23/07/2012 14.6 
S081 M 01/10/2009 Ireland 36 Right & Left Hock 24 6 23/07/2012 18.5 
S085 M 18/08/2009 Ireland 32.5 Right Hock  27 6 23/07/2012 49.4 
S088 M 16/02/2009 Ireland 34 Left Hock 23 6 23/07/2012 14.4 
S095 M 01/04/2010 Ireland 31 Left MT 9 6 23/07/2012 30.8 
S097 M 02/03/2009 Ireland 34.5 Right Hock  49 6 23/07/2012 19 
S106 M 01/11/2009 Ireland 32.5 Right Hock  18 8 31/07/2012 20.4 
S107 F 23/04/2006 Ireland 29 Right Hock  34 8 31/07/2012 52.7 
S108 M 01/06/2010 Ireland 32.3 Left MC  21 8 31/07/2012 19.7 
S122 M 19/05/2009 Ireland 31 Right Hock  43 9 13/08/2012 16 
S125 M 01/11/2008 Ireland 31 Right Hock  32 9 13/08/2012 28.9 
S150 F 01/12/2007 Ireland 26.6 Right Hock  50 10 04/09/2012 19.6 
S171 F 01/01/2010 UK 28 Right Hock  30 11 06/09/2012 31 
S184 F 18/07/2009 Ireland 25.5 Hock (Unknown limb) 50 12 27/09/2012 21.8 
S185 M 01/07/2008 Unknown Unknown Hock (Unknown limb) 40 5 27/09/2012 25.3 
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Appendix 9: Phenotypic Data for Greyhounds in the GWA Study (Controls): 
Sample ID Sex Date of Birth Place of Birth Weight (kg) No. Races Ran Trainer Date Sample Collection DNA (ng/ul) 
S033 M 10/01/2008 Ireland 33.7 105 3 13/07/2012 40.4 
S036 F 08/05/2008 UK Unknown 126 4 16/07/2012 115 
S058 M 02/10/2003 Ireland Unknown 99 4 16/07/2012 42.3 
S066 M 10/02/2008 UK Unknown 130 4 16/07/2012 55.8 
S076 M 10/03/2008 Ireland 35 102 5 17/07/2012 52 
S111 F 01/01/2008 UK 27 118 8 31/07/2012 60.3 
S123 M 01/11/2007 Ireland 40 112 9 13/08/2012 77.8 
S148 M 01/08/2004 Unknown 33 151 13 03/09/2012 118 
S146 F 12/09/2007 Ireland 27 93 13 03/09/2012 65.1 
S116 F 11/03/2001 UK 26 87 8 31/07/2012 73 
S180 M 01/10/2008 Unknown 30 101 12 27/09/2012 20.9 
S143 F 01/01/2009 Ireland 25 96 13 03/09/2012 22.8 
S193 F 01/03/2005 Unknown Unknown 128 15 27/09/2012 17.5 
S178 M 01/07/2009 Ireland 30.5 125 12 27/09/2012 20.9 
S060 F 01/08/2005 Ireland Unknown 135 4 16/07/2012 32.7 
S043 M 01/06/2008 Ireland Unknown 108 4 16/07/2012 25 
S177 F 01/09/2007 Unknown 24.5 118 12 27/09/2012 30.8 
S105 F 01/10/2006 Ireland Unknown 144 4 16/07/2012 33.7 
S082 F 06/10/2009 Ireland 27 118 6 23/07/2012 43.5 
S074 F 01/08/2008 UK 28 83 5 17/07/2012 31.5 
S147 M 01/05/2009 Unknown 33 98 13 03/09/2012 41.1 
S054 F 05/07/2006 Ireland Unknown 160 4 16/07/2012 26.8 
S086 M 01/11/2008 UK 35.9 98 6 23/07/2012 26 
S109 M 01/09/2008 Ireland 31.1 102 8 31/07/2012 26.2 
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Appendix 10: Greyhound Phenotypic Data, Heart Rates and Cortisol Measurements. 
 
Sample 
ID 
Dog  
ID 
Sample 
Type Sex 
Age  
(months) 
Race 
No. 
Time of  
Race 
Race  
Dist (m) 
No.  
Dogs 
Trap 
No. 
Adjusted  
Rank 
Journey  
Distance (km) 
Owner/ 
Trainer 
HR 
(bpm) 
Cortisol 
(ng/ml) 
1 1 A F 18 1 7.30pm 265 4 2 4.33 45.22 1 152 7.178 
2 1 B F 18 1 7.30pm 265 4 2 4.33 45.22 1 200 28.498 
3 2 A M 72 1 7.30pm 265 4 3 2.67 40.39 2 124 4.277 
4 2 B M 72 1 7.30pm 265 4 3 2.67 40.39 2 212 10.280 
5 3 A F 18 1 7.30pm 265 4 6 6.00 45.22 1 150 15.730 
6 3 B F 18 1 7.30pm 265 4 6 6.00 45.22 1 180 21.883 
7 4 A F 48 2 7.45pm 265 6 1 5.00 67.27 3 132 2.584 
8 4 B F 48 2 7.45pm 265 6 1 5.00 67.27 3 
 
3.037 
9 5 A F 42 2 7.45pm 265 6 3 6.00 44.58 4 154 8.101 
10 5 B F 42 2 7.45pm 265 6 3 6.00 44.58 4 
 
9.240 
11 6 A M 19 2 7.45pm 265 6 4 2.00 58.58 5 150 5.340 
12 6 B M 19 2 7.45pm 265 6 4 2.00 58.58 5 216 8.890 
13 7 A M 16 2 7.45pm 265 6 5 3.00 95.27 6 164 5.863 
14 7 B M 16 2 7.45pm 265 6 5 3.00 95.27 6 200 29.482 
15 8 A M 
 
3 8.00pm 265 6 1 4.00 45.22 1 156 14.035 
16 8 B M 
 
3 8.00pm 265 6 1 4.00 45.22 1 218 10.176 
17 10 A M 34 3 8.00pm 265 6 4 2.00 25.27 7 184 
 18 11 A F 43 3 8.00pm 265 6 6 3.00 42.97 8 200 7.682 
19 11 B F 43 3 8.00pm 265 6 6 3.00 42.97 8 240 30.918 
20 12 A F 48 4 8.15pm 420 5 1 1.00 67.27 3 204 8.926 
21 12 B F 48 4 8.15pm 420 5 1 1.00 67.27 3 176 11.973 
22 13 A M 35 4 8.15pm 420 5 2 4.75 36.37 9 122 4.107 
23 13 B M 35 4 8.15pm 420 5 2 4.75 36.37 9 194 10.638 
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Appendix 10: Greyhound Phenotypic Data, Heart Rates and Cortisol Measurements. 
Sample 
ID 
Dog 
ID 
Sample 
Type Sex 
Age  
(months) 
Race  
No. 
Time of  
Race 
Race Dist 
(m) 
No.  
Dogs 
Trap  
No. 
Adjusted  
Rank 
Journey  
Distance (km) 
Owner/ 
Trainer 
HR 
(bpm) 
Cortisol  
(ng/ml) 
24 14 A F 24 4 8.15pm 420 5 3 3.50 27.36 10 134 20.877 
25 14 B F 24 4 8.15pm 420 5 3 3.50 27.36 10 120 41.042 
26 15 A F 36 4 8.15pm 420 5 4 2.25 13.52 11 162 
 27 15 B F 36 4 8.15pm 420 5 4 2.25 13.52 11 206 13.174 
28 16 A M 48 4 8.15pm 420 5 5 6.00 1.61 12 144 
 29 16 B M 48 4 8.15pm 420 5 5 6.00 1.61 12 
 
9.916 
30 17 A F 30 5 8.30pm 470 5 2 2.25 5.31 13 140 13.605 
31 17 B F 30 5 8.30pm 470 5 2 2.25 5.31 13 232 16.980 
32 18 A F 36 5 8.30pm 470 5 4 4.75 58.58 5 140 
 33 18 B F 36 5 8.30pm 470 5 4 4.75 58.58 5 178 9.070 
34 19 A M 30 5 8.30pm 470 5 5 3.50 77.41 3 144 6.231 
35 19 B M 30 5 8.30pm 470 5 5 3.50 77.41 3 228 18.166 
36 20 A F 36 5 8.30pm 470 5 6 
 
13.52 11 168 
 37 20 B F 36 5 8.30pm 470 5 6 
 
13.52 11 208 17.552 
38 21 A M 30 6 8.45pm 265 5 1 4.75 90.45 14 210 6.324 
39 21 B M 30 6 8.45pm 265 5 1 4.75 90.45 14 202 27.811 
40 22 A M 
 
7 9.00pm 470 6 1 2.00 30.09 1 178 0.363 
41 22 B M 
 
7 9.00pm 470 6 1 2.00 30.09 1 198 8.688 
42 23 A M 42 7 9.00pm 470 6 3 5.00 
 
15 234 18.415 
43 23 B M 42 7 9.00pm 470 6 3 5.00 
 
15 194 17.991 
44 24 A F 24 7 9.00pm 470 6 6 1.00 24.14 16 156 12.081 
45 24 B F 24 7 9.00pm 470 6 6 1.00 24.14 16 190 2.101 
46 25 A F 45 8 9.15pm 420 5 1 2.25 25.27 7 172 13.366 
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Appendix 10: Greyhound Phenotypic Data, Heart Rates and Cortisol Measurements. 
Sample  
ID 
Dog 
ID 
Sample  
Type Sex 
Age  
(months) 
Race 
No. 
Time of 
Race 
Race Dist 
(m) 
No.  
Dogs 
Trap  
No. 
Adjusted  
Rank 
Journey  
Dist (km) 
Owner/ 
Trainer 
HR 
(bpm) 
Cortisol 
(ng/ml) 
47 26 A M 42 8 9.15pm 420 5 2 4.75 3.06 17 188 8.261 
48 26 B M 42 8 9.15pm 420 5 2 4.75 3.06 17 186 12.754 
49 27 A M 
 
9 9.30pm 265 5 2 1.00 5.31 18 188 4.973 
50 27 B M 
 
9 9.30pm 265 5 2 1.00 5.31 18 170 32.104 
51 28 A M 42 9 9.30pm 265 5 3 4.75 60.51 19 150 11.725 
52 28 B M 42 9 9.30pm 265 5 3 4.75 60.51 19 112 15.613 
53 29 A F 36 9 9.30pm 265 5 4 3.50 89.16 20 180 
 54 29 B F 36 9 9.30pm 265 5 4 3.50 89.16 20 210 19.260 
55 30 A M 42 11 10.00pm 265 6 1 1.00 3.06 17 162 9.543 
56 30 B M 42 11 10.00pm 265 6 1 1.00 3.06 17 200 18.249 
57 31 A M 42 11 10.00pm 265 6 2 6.00 81.75 21 178 
 58 31 B M 42 11 10.00pm 265 6 2 6.00 81.75 21 140 39.290 
59 32 A F 30 11 10.00pm 265 6 4 3.00 24.14 16 142 
 60 32 B F 30 11 10.00pm 265 6 4 3.00 24.14 16 132 16.059 
61 33 A F 36 11 10.00pm 265 6 5 4.00 89.16 20 240 3.088 
62 33 B F 36 11 10.00pm 265 6 5 4.00 89.16 20 120 5.589 
63 34 A F 48 12 10.15pm 470 6 1 6.00 40.39 2 200 
 64 34 B F 48 12 10.15pm 470 6 1 6.00 40.39 2 120 8.764 
65 35 A F 47 12 10.15pm 470 6 4 4.00 95.27 6 146 3.686 
66 35 B F 47 12 10.15pm 470 6 4 4.00 95.27 6 192 9.623 
67 36 A M 36 12 10.15pm 470 6 5 3.00 89.16 20 220 7.016 
68 36 B M 36 12 10.15pm 470 6 5 3.00 89.16 20 164 30.640 
69 37 A M 42 12 10.15pm 470 6 6 2.00 58.58 5 198 
 70 37 B M 42 12 10.15pm 470 6 6 2.00 58.58 5 104 23.066 
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Sample 
ID 
Dog 
ID 
Sample  
Type Sex 
Age  
(months) 
Race  
No. 
Time of  
Race 
Race  
Dist (m) 
No.  
Dogs 
Trap  
No. 
Adjusted  
Rank 
Journey  
Dist (km) 
Owner/ 
Trainer 
HR 
(bpm) 
Cortisol  
(ng/ml) 
71 38 A F 30 13 10.30pm 470 6 1 1.00 36.53 22 154 6.447 
72 38 B F 30 13 10.30pm 470 6 1 1.00 36.53 22 160 42.781 
73 39 A M 46 13 10.30pm 470 6 2 6.00 47.64 23 198 18.235 
74 39 B M 46 13 10.30pm 470 6 2 6.00 47.64 23 212 32.186 
75 40 A M 30 13 10.30pm 470 6 3 5.00 3.06 17 180 2.328 
76 40 B M 30 13 10.30pm 470 6 3 5.00 3.06 17 128 10.633 
77 41 A M 35 14 7.30pm 265 6 2 2.00 36.37 9 84 9.754 
78 41 B M 35 14 7.30pm 265 6 2 2.00 36.37 9 140 22.956 
79 42 A M 18 14 7.30pm 265 6 6 6.00 35.08 1 120 25.072 
80 42 B M 18 14 7.30pm 265 6 6 6.00 35.08 1 160 30.756 
81 43 A M 42 15 7.45pm  265 6 3 4.00 60.51 19 132 
 82 43 B M 42 15 7.45pm  265 6 3 4.00 60.51 19 124 49.653 
83 44 A M 36 15 7.45pm  265 6 6 6.00 121.67 24 160 50.893 
84 44 B M 36 15 7.45pm  265 6 6 6.00 121.67 24 180 58.861 
85 45 A F 16.5 16 8.00pm 420 5 2 2.25 17.06 25 100 13.444 
86 45 B F 16.5 16 8.00pm 420 5 2 2.25 17.06 25 134 12.318 
87 46 A F 36 16 8.00pm 420 5 4 6.00 13.52 11 148 5.874 
88 46 B F 36 16 8.00pm 420 5 4 6.00 13.52 11 204 22.741 
89 47 A M 20 17 8.15pm 470 
   
75.80 26 92 27.987 
90 47 B M 20 17 8.15pm 470 
   
75.80 26 150 20.838 
91 48 A F 20 17 8.15pm 470 6 5 2.00 108.15 27 170 21.978 
92 48 B F 20 17 8.15pm 470 6 5 2.00 108.15 27 
 
15.797 
93 49 A M 30 17 8.15pm 470 6 6 6.00 67.27 3 150 16.118 
94 49 B M 30 17 8.15pm 470 6 6 6.00 67.27 3 190 11.661 
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Sample 
ID 
Dog  
ID 
Sample 
Type Sex 
Age  
(months) 
Race  
No. 
Time of  
Race 
Race  
Dist (m) 
No.  
Dogs 
Trap  
No. 
Adjusted  
Rank 
Journey  
Dist (km) 
Owner/ 
Trainer 
HR 
(bpm) 
Cortisol 
(ng/ml) 
95 50 A F 53 18 8.30pm 420 5 1 2.25 19.96 28 168 
 96 50 B F 53 18 8.30pm 420 5 1 2.25 19.96 28 180 7.652 
97 51 A M 30 18 8.30pm 420 5 5 6.00 60.51 19 124 
 98 51 B M 30 18 8.30pm 420 5 5 6.00 60.51 19 238 13.173 
99 52 A F 54 19 8.45pm 265 6 5 6.00 45.71 29 144 50.755 
100 52 B F 54 19 8.45pm 265 6 5 6.00 45.71 29 136 44.443 
101 53 A F 36 19 8.45pm 265 6 6 1.00 121.67 30 134 
 102 53 B F 36 19 8.45pm 265 6 6 1.00 121.67 30 146 17.676 
103 54 A M 54 20 9.00pm 470 6 2 3.00 36.21 31 128 5.265 
104 54 B M 54 20 9.00pm 470 6 2 3.00 36.21 31 142 92.741 
105 55 A F 36 20 9.00pm 470 6 6 1.00 15.61 17 140 18.032 
106 55 B F 36 20 9.00pm 470 6 6 1.00 15.61 17 208 44.595 
107 56 A M 36 21 9.15pm 265 6 1 2.00 15.61 17 196 9.098 
108 56 B M 36 21 9.15pm 265 6 1 2.00 15.61 17 188 19.162 
109 57 A M 37 21 9.15pm 265 6 2 1.00 75.96 32 144 2.043 
110 57 B M 37 21 9.15pm 265 6 2 1.00 75.96 32 220 40.918 
111 58 A M 24 22 9.30pm 470 5 2 4.75 75.96 5 140 36.869 
112 58 B M 24 22 9.30pm 470 5 2 4.75 75.96 5 174 38.977 
113 59 A M 47 23 9.45pm 265 5 3 1.00 76.93 33 122 11.148 
114 59 B M 47 23 9.45pm 265 5 3 1.00 76.93 33 160 13.700 
115 60 A M 84 24 10.00pm 470 5 4 6.00 36.21 31 120 17.459 
116 60 B M 84 24 10.00pm 470 5 4 6.00 36.21 31 172 20.219 
117 61 A F 30 24 10.00pm 470 5 5 3.50 24.14 16 160 4.335 
118 61 B F 30 24 10.00pm 470 5 5 3.50 24.14 16 188 29.309 
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Where: Sample ID, ID number of the sample; Dog ID, ID number of the dog; Sample Type, pre-race (A) or post-race (B) sample; Sex, male (M) 
or female (F); Age, age of the dog in months; Race No., ID number of the race; Time of Race, time the race took place; Race Dist, distance of 
the race in metres (265 m - 470 m) ; No. Dogs, number of dogs in the race (4 - 6); Trap No., starting trap number (1 - 6); Adjusted Rank, rank 
finish position adjusted to account for number of dogs in race (1 - 6); Journey Dist, distance of the dog's journey to the track on the day of the 
race, in kilometres; Owner/Trainer, ID number of the owner or trainer of the dog (1 - 36); HR, Greyhound heart rate in beats per minute; 
Cortisol, Greyhound salivary cortisol concentration in nanograms/millilitre. 
Sample 
ID 
Dog  
ID 
Sample  
Type Sex 
Age 
(months) 
Race  
No. 
Time of  
Race 
Race  
Dist (m) 
No.  
Dogs 
Trap  
No. 
Adjusted  
Rank 
Journey  
Dist (km) 
Owner/ 
Trainer 
HR 
(bpm) 
Cortisol  
(ng/ml) 
119 62 A F 36 25 10.15pm 420 5 1 1.00 4.51 34 106 0.677 
120 62 B F 36 25 10.15pm 420 5 1 1.00 4.51 34 96 20.819 
121 63 A M 36 25 10.15pm 420 5 3 3.50 3.06 17 130 7.930 
122 63 B M 36 25 10.15pm 420 5 3 3.50 3.06 17 192 6.011 
123 64 A F 48 25 10.15pm 420 5 4 4.75 121.67 30 100 11.150 
124 64 B F 48 25 10.15pm 420 5 4 4.75 121.67 30 128 
 125 65 A M 48 25 10.15pm 420 5 5 2.25 121.18 35 154 
 126 65 B M 48 25 10.15pm 420 5 5 2.25 121.18 35 160 7.401 
127 66 A M 27 20 9.00pm 470 6 5 5.00 137.28 36 120 
 128 67 B 
         
  
 
9.302 
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  salivary cortisol concentrations
 
 
 
                                                                            
Information for Greyhound Owners or Trainers Considering Donation of a Saliva 
 
We would like to ask for your help. At the University of Liverpool we carry out 
research into the health, welfare and performance of Racing Greyhounds. We are 
carrying out a study to investigate levels of cortisol, a hormone naturally produced 
by the body in response to stress, in greyhound saliva both before and after racing. 
This will help us to understand the stress response in greyhounds during racing, why 
some dogs have a greater stress response than others, and eventually, to find ways 
to reduce stress and improve greyhound welfare. When we have completed the 
study, we will communicate everything we learn back to the Greyhound community 
via owners and trainers fo
To carry out this research, we need to take saliva samples from dogs using special 
saliva collection swabs. The procedure is very simple and does not cause any harm 
or distress. We place the swab into the dog’
in order to collect the naturally produced saliva. These samples will give us 
information about the amount of cortisol hormone present in the saliva at the time 
of collection, as a measure of stress response in the dog.
samples for use in future projects that will benefit greyhound health and welfare. 
This way we can gain the maximum benefit from the donation. 
We would be very grateful if you will agree to donate a saliva sample from your dog. 
Your involvement is completely voluntary. Your identity, and that of your dog, will 
remain anonymous and will not be disclosed. Only the people working on this 
project will have access to individual data. 
If you are willing to help us, we need you to sign
confirm you have agreed to the donation and you understand what the samples will 
be used for. We are delighted to talk to you about our work and we really 
appreciate all of your comments and suggestions. Thank you very much for
considering helping us.
 
sheet for Greyhound owners or trainers considering 
saliva sample from a dog for use in the study of 
 
 
Sample from a Dog 
rums, Greyhound vets and racing organisations.
s mouth for approximately 90 seconds 
 We also store part of the 
 
 
 a simple form (attached) to 
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 Yours sincerely, 
Ruth Dockerty BVSc MSc MRCVS
 
If you have any questions or concerns about this study, please contact Ruth 
Dockerty on: ***********
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